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Preface 


The  14th  International  Conference  on  Thermoelectrics  (ICT’95)  has  been  held  in  Saint  Petersburg,  Russia 
from  June  27  to  June  30,  1995,  It  was  organized  by  the  Laboratory  for  Physics  of  Thermoelements  of  the 
A.F .Ioffe  Physical-Technical  Institute  according  to  the  decision  of  the  International  Thermoelectric  Society. 
Traditionally,  this  annual  conference  was  devoted  to  all  aspects  of  thermoelectric  energy  conversion  and 
thermoelectrics.  Scientific,  engineering,  production  problems  were  discussed.  Researchers,  engineers, 
managers,  businessmen  from  different  countries  could  discuss  the  latest  news  in  thermoelectricity  and  see 
some  examples  of  thermoelectric  production  at  the  Conference  technical  exhibition. 

There  were  195  registered  attendees  from  23  countries  including  86  from  abroad  (17  countries)  and 
109  from  6  countries  of  the  former  USSR.  The  greatest  national  delegations  were:  Russia  •  92  persons 
(including  41  from  St.Petersburg),  USA  -  ’28,  Japan  -  23,  Ukraine  -  14,  Korea  -  6,  Germany  -  5.  The  ICT’95 
Organizing  Committee  received  181  abstracts  of  possible  papers.  Of  thise  132  papers  were  presented  at  the 
conference.  Abstracts  and,  later,  full  texts’  of  the  papers  presented  were  considered  by  the  ICT’95  Program 
Committee.  After  this,  123  were  included  in  the  ICT’95  Proceedings.  They  are  published  here  by 
phototypesetting  from  the  authors’  camera  ready  manuscripts. 

All  papers  at  the  conference  were  divided  in  7  sections: 

A  —  Thermoelectrics  for  low  temperatures 

B  —  Thermoelectrics  for  moderate  temperatures 

C  —  Thermoelectrics  for  high  temperatures 

D  —  Basic  aspects  of  thermoelectrics  &  thermoelectricity 

E  —  Measurements 

F  —  Thermoelectric  generators 

G  —  Thermoelectric  coolers 

Each  paper  is  placed  here  in  its  section  (see  Contents),  whether  it  was  presented  orally  or  at  poster  session. 

ICT’95  is  a  special  case  among  the  other  ICT’s  because  ICT  was  held  for  the  first  time  in  Russia. 
Modern  semiconductor  thermoelectricity  was  initiated  in  this  country  by  Abram  Ioffe  in  1931,  and  there 
still  exists  a  wide  thermoelectric  community  in  the  countries  of  the  former  USSR.  This  is  why  the 
Organizing  Committee  tried  to  attract  as  many  participants  from  these  countries  as  possible  for  effeaive 
contact  with  their  foreign  colleagues.  Another  consequence  of  the  situation  is  our  decision  to  honour  the 
pioneering  contribution  of  A.F.Ioffe  to  thermoelectricity  by  including  a  special  page  to  this  volume  with  his 
portrait  and  short  personal  information. 

It  was  extremely  important  for  the  success  of  the  Conference  to  find  significant  additional  financial 
support.  I  am  happy  that  we  may  wright  out  here,  on  separate  page,  all  sponsors  of  ICT’95. 

I  am  happy  too  to  thank  the  people  without  whose  assistance  it  would  have  been  impossible  to 
organize  and  conduct  the  conference:  Drs.  C.B.Vining  (President)  and  B.Mathiprakasam  (treasurer) 
International  Thermoelectric  Society;  Drs.  M.I.Fedorov,  V.L.Kuznetsov  and  Mr.  A.E.Kaliazln  (the 
Organizing  Committee)  -  Ioffe  Institute;  Drs.  V.A.Kutasov,  Yu.I.Ravich  and  V.K. Zaitsev  (the  Program 
Committee)  -  Ioffe  Institute. 

X  ^  Vedernikov, 

/  Laboratory  for  Physics  of  Thermoelements, 

A.F.Ioffe  Physical-Technical  Institute, 

Chief  Editor,  ICT’95  Proceedings. 
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The  Organizing  Committee  is  very  grateful 
to  organizations  and  firms,  listed  below  chronologically,  for  financial 
support  of  XIV  International  Conference  on  Thermoelectrics: 


Mam  sponsors 

Osterm  ~  St. Petersburg,  Russia 

Russian  Foundation  for  Basic  Research 

US  Department  of  Energy, 
Radioisotopic  Power  Systems 

United  Energy  System  of  Russia 

European  Research  Office  of  US  Army 


Supercool  AB  —  Goteborg,  Sweden 
Nord  —  Moscow,  Russia 
Mobicoo!  International  —  Hong  Kong 
MJ  Research  —  Watertown,  MA,  USA 
Cryotherm  —  St. Petersburg,  Russia 


1880,  October  27 
1902 

1902-1905 

1906-1917  (before  the 
October  Revolution) 
1918  (after  the  October 
Revolution) 

1918-1920 


1939-1945 


1950 

1960,  October  14 


-  born  in  Romny,  near  Poltava  (Russia,  now  Ukraine); 

-  graduated  from  St.Petersburg  Techological  Institute; 

-  post-graduate  student  of  Prof.  W.ROntgen  in  Munich; 

-  teacher,  lecturer  and  professor  of  physics  in  St.Petersburg; 

-  organized  the  Physical-Technical  Institute  in  St.Petersburg  (Petrograd); 

-  was  elected  as  corresponding  member  and,  later, 
full  member  of  the  Russian  Academy  of  Sciences; 

-  organized  the  Physical-Technical  Department  at  the  St.Petersburg  Polytechnical  Institute; 

-  initiated  study  of  semiconductors  at  the  Physical-Technical  Institute,  predicted  their  great 
prospects  for  technical  applications,  particularily  for  thermoelectric  conversion  of  heat  to 
electrical  energy; 

-  first  semiconductor  thermoelectric  generators  were  constructed 
at  the  Physical-Technical  Institute; 

-  published  the  theory  of  application  of  semiconductors 
for  thermoelectric  energy  conversion 

-  the  first  semiconductor  thermoelectric  cooler  was  tested  under  the  direction  of  Ioffe; 

-  died  in  St.Petersburg  (Leningrad). 
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Verification  of  a  Transport  Model 
FOR  P-TYPE  (BIo  jSBo  5)2TE3  AND  (BIq  jsSBq  7s)2TE^  SOLID  SOLUTIONS 
BY  MEANS  OF  TEMPERATURE  DEPENDENT  THERMOELECTRIC  PROPERTIES 

BELOW  Room  Temperature 

H.  SiiBmann,  E.  Muller 
Martin-Luther- Universitdt  Halle-Wittenberg 
Fachgruppe  Angew.  Physik,  Germany 


Assuming  a  non-parabolic  1-valence  band/6-valiey  structure  and  mixed  carrier  scattering,  a  model  of  the  charge 
transport  in  p-type  (Bio  sSb,,  5)2X03  and  (Bi^  jsSb,,  75)2X03  has  been  established  in  the  100. .300  K  temperature  range.  From 
thermoelectric,  galvanomagnetic  and  optical  measurements  on  a  single  sample  of  elevated  carrier  density,  resp.,  model 
parameters  have  been  determined.  Xhe  applicability  of  the  model  to  a  wide  carrier  concentration  range,  containing 
optimized  material  from  high  to  low  temperature  conditions,  has  been  proved  by  an  extended  data  basis  (temperature 
dependencies  of  thermoelectric  properties  for  sampie  sets  of  varying  carrier  density). 


Introduction 

Xhough  solid  solutions  of  the  system  (Bi,.,Sbj)2Te3  have  been  the  subject  of 
investigation  for  almost  forty  years  and  have  found  a  wide  field  of 
application,  the  transport  properties  especially  for  compositions  near 
antimony  telluride  haven’t  been  satisfactorily  described  yet.  This  results 
from  a  complex  combination  of  effects  like  strong  crystal  anisotropy,  non¬ 
parabolic  bands,  mixed  scattering,  the  occurrence  of  two  valence  bands... 
One  way  to  obtain  interpretations  by  means  of  convenient  models  implies 
the  restriction  on  pure  scattering  with  introduction  of  a  real  scattering 
exponent  [1],[2].  Another  approach  gives  an  interpretation  of  selected 
sets  of  transport  properties  basing  on  simplified  model  assumptions  [3]. 
On  the  other  hand,  more  sophisticated  models  with  a  growing  number  of 
parameters  have  to  be  involved  in  order  to  get  a  consistent  interpretation 
of  a  larger  number  of  measured  properties  by  means  of  numeric  parameter 
fits.  Whereas  the  temperature  dependence  of  the  galvanomagnetic  low-field 
coefficients  of  812X03  could  be  described  by  means  of  pure  isotropic 
acoustic  phonon  scattering  and  non-parabolic  bands,  this  was  found  to  be 
inadequate  for  (Bid  25Sbo  75)3X63  by  assuming  anisotropic  mixed 

scattering  including  ionized  impurities  [4].  Usually  the  implication  of 
parallel  main  axes  systems  of  the  tensors  of  effective  mass  and  relaxation 
time  has  been  used. 

This  work  gives  an  interpretation  of  galvanomagnetic  and  infra-red  optical 
measurements  on  p-type  (Bio  jSbo  5)3X63  ^nd  (Bio,25Sbo  ,5)2X63  assuming  a 
non-parabolic  six-valley  valence  band  structure,  non-parallel  main  axes  of 
the  co-ordinate  systems  of  effective  mass  and  relaxation  time  as  well  as 
anisotropic  mixed  scattering  in  consideration  of  several  mechanisms 
including  an  inelastic  one. 

Xhe  availability  of  a  transport  model  is  of  practical  importance  especially 
for  materials,  which  properties  are  essentially  influenced  by  material 
inhomogeneities.  In  [5]  a  concept  has  been  developed  to  reach  a  cold 
end  temperature  below  130  K  by  a  multi-stage  Peltier  cooler  with  the  aim 
of  a  pure  thermoelectric  cooling  of  high  temperaUire  superconductors. 
Because  of  the  increased  mobility  expected  at  lower  temperatures,  (Bi,. 
,Sbj2Te3  with  a  composition  x<0.75  has  been  estimated  there  as  a 
promising  p-type  material  for  die  coldest  stage(s)  ("low  temperature 
material"  -  LXM).  Therefore  the  carrier  density  has  to  be  diminished  below 
the  optimal  value  for  room  temperature  application.  This  amplifies  the 
deteriorating  influence  of  local  carrier  density  variation.  At  this  point,  the 
technologic-empirical  approach  to  material  optimization  finds  its  limits, 
because  it  doesn’t  permit  a  distinction  between  single  crystal  properties  and 
inhomogeneity  influence.  Then,  a  transport  model  with  parameters 
determined  from  homogeneous  samples  of  elevated  carrier  concentration 
allows  the  estimation  of  the  maximal  figure  of  merit  (FOM)  of  a  homo¬ 
geneous  single  crystal,  if  the  validity  of  extrapolation  to  lower  carrier 
density  values  can  be  assured. 

The  non-parabolic  l-VB/6-valley  model  fiir  p-type 
(Bii-xSb^jIjTej  (x=0,5,  0,75) 

Specimens:  Large  single  crystals  of  (BiQ5Sb(i5)2Te3  and  (Bio  ,25^bo75)2Te3 
with  a  carrier  concentration  of  about  ZTO'’  cm  ’  and  3.5TO'’  cm’,  resp., 
have  been  grown  by  CZOCHRALSKI  method  [6].  The  homogeneity  of  the 


specimens  was  ascertained  by  a  locally  resolving  measurement  of  the 
Seebeck  coefficient  [15].  The  temperature  dependencies  of  the  thermo¬ 
electric  properties  have  been  recorded  between  100.. 400  K  along  and 
across  the  crystallographic  c-axis;  furthermore  the  HALL  coefficients  P123 
andp3,2,  the  longitudinal  magneto-resistancespim,  P3333  and  the  transverse 
magneto-resistancesp,|22,  Pn33,  P3311  havebeenmeasuredbetween  1 10. .350 
K  using  a  magnetic  field  of  about  1  T.  Infra-red  reflectivity  of  polished 
crystal  surfaces  perpendicular  to  the  cleavage  planes  was  investigated. 
Reflectance  spectra  within  300.. 5000  cm'  have  been  obtained  on  a  Fourier 
spectrometer  between  40  K  and  300  K  for  an  electric  field  polarization 
parallel  and  perpendicular  to  the  c-axis,  resp. 

Fundamental:  The  quantitative  interpretation  of  the  galvanomagnetic  !»w- 
field  transport  properties  can  be  given  from  the  solution  tensor  of  the 
Boltzmann  equation.  The  model  functions  of  all  galvanomagnetic 
quantities  are  determined  by  the  tensor  of  the  energy  dependent  mobility 
of  charge  carriers  MijCy)  and  the  Fermi  level.  Infra-red  reflectivity  is 
calculated  from  the  frequency  dependence  of  the  dielectric  susceptibility, 
which  is  obtained  from  the  frequency  dependent  relaxation  time  [7], 
Carrier  scattering  on  lattice  vibrations  has  been  confirmed  to  be  the  most 
important  scattering  mechanism  for  (Bi,.,Sb,)2Te3  in  the  100  to  300  K 
temperature  range.  In  multi-valley  semiconductors  an  inelastic  carrier 
transition  from  one  energy  minimum  into  another  may  occur  during 
scattering  processes.  Defect  scattering  can  be  expected  as  well.  The  high 
carrier  concentration  of  10'*..  10™  cm’’  due  to  the  strong  disorder  of  the 
crystal  lattice  [8]  should  be  accompanied  by  the  occurrence- of  ionized 
impurities  to  the  same  extent.  Therefore  in  qualitative  discussions, 
discrepancies  between  experiment  and  simplified  interpretation  models 
have  often  been  attributed  to  ionized  impurity  scattering. 

With  more  than  one  independent  mechanism  involved,  the  inverse 
relaxation  times  have  to  be  added.  When  intervalley  scattering  (WS)  on 
acoustic  phonons  occurs,  the  electron-phonon-interaction  (absorption  or 
emission  of  a  phonon)  is  accompanied  by  a  non-negligible  change  of  the 
carrier  energy,  i.e.  strongly  inelastic  [9],  The  scattering  rate  is  isotropic 
and  a  relaxation  time  t{E)  can  be  introduced. 

The  calculation  of  transport  coefficients  from  given  values  of  the  band 
structure  and  carrier  scattering  parameters,  Fermi  level  and  temperature 
was  executed  by  the  following  procedure: 

•  Construction  of  the  tensors  of  the  inverse  effective  mass  a,^  and  the 
relaxation  time  tensor  t-1  in  their  main  axes’  systems  from  given  values 

•  Transformation  into  the  basal  plane  across  the  crystallographic  c-axis 

•  Calculation  of  the  energy-dependentmobility  tensor  Mj,.'’  ~  c!|j°  tj/ in  the 
basal  system  B 

•  Evaluation  of  the  orientation  of  the  main  axes  system  H  of  microscopic 
mobility  at  the  current  carrier  energy  y:  u,y(y) 

•  Construction  of  the  energy-dependent  integrands  for  the  components  of 
the  conductivity  and  thermodiffusion  tensor 

•  Main  axes’  transformation  of  the  integrands  to  the  crystal  system  K  and 
summation  over  the  six  valleys  using  the  transformation  equations  given 
in  the  Drabble  and  WOLFE  model  [10] 

•  Numerical  integration  over  all  carrier  energy  values  in  the  crystal 
system.  Thus,  the  conductivity,  HALL-  and  magneto-conductivity  and  the 
thermodiffusion  tensor  are  obtained 
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•  Calculation  of  the  Hall-  and  magneto-resistance  coefficients  from  the 
conductivity  components  (after  [10,7]),  calculation  of  the  Seebeck 
coefficients. 

Fitting  procedure:  The  parameter  fit  was  based  on  temperature  dependen¬ 
cies  of  13  experimental  quantities:  SeebeCK  coefficients,  resistivity  and 
Hall  coefficients  for  two  independentcrystallographic  directions  each,  two 
longitudinal  and  three  transverse  magneto-resistance  coefficients  and  the 
parameter  pim’  for  the  two  directions  of  field  polarization  obtained  from 
infra-red  reflectivity.  A  set  of  12  fitting  parameters  has  been  chosen:  three 
components  of  the  relaxation  time  constant  along  the  main  axes  directions 
of  the  dominating  scattering  mechanism  and  the  tilt  angle  of  its  co-ordinate 
system,  three  components  of  the  inverse  effective  mass  tensor  a/  along  its 
main  axes  directions  and  the  tilt  angle  of  the  isoenergy  ellipsoids,  three 
constant  mixing  parameters  along  the  main  axes  dir  ections  of  the  relaxation 
time  as  well  as  the  parameter  of  non-parabolicity  0  at  300  K.  In  order  to 
evaluate  the  influence  of  various  scattering  mechanisms,  six  versions  of  the 
model  with  different  scattering  types  have  been  tested:  Acoustic  defor¬ 
mation  potential  scattering  either  as  single  process  or  mixed  with  another 
elastic  (scattering  on  linear  dislocations/neutral/ionized  impurities,  alloy 
scattering)  or  inelastic  mechanism  (TVS  on  acoustic  phonons).  In  order  to 
exclude  the  temperature  range  of  intrinsic  effects,  the  fitting  process  has 
been  restricted  to  100. .300  K  for  (Bio  jSbo 5)2X63  and  100. .360  K  for 


150  200  250  300  350 

Total  eff.  density  of  states  noaea  (hand  edge)  T  /  K 

^  X  w  »  D1  C.10.&3 


Fig.  1  Comparison  of  competing  versions  of  carrier  scattering:  mixed  scattering  including 
intervalley  processes  leatls  to  modified  model  values.  The  weak  slope  causes  higher 
FOM  at  LT 

Fit  results:  For  both  samples  very  small  mixing  parameters  for  scattering 
with  contribution  of  alloy  scattering  or  linear  dislocations  have  been  found. 
The  temperature  dependencies  of  the  parameters  differ  only  insignificandy 
from  those  obtained  in  the  case  of  pure  acoustic  deformation  potential 
scattering.  The  mixing  parameters  for  neutral  and  ionized  impurity 
scattering  partly  adopted  negative  values.  Hence,  these  model  versions  have 
to  be  rejected. 

The  exclusion  of  the  assumption  of  ionized  impurity  scattering  at  tempera¬ 
tures  above  100  K  is  in  correspondence  with  measurements  of  the  electrical 
conductivity  on  p-type  (Bi,.,Sbj2Te3  [11],  which  showed  a  continued 
increase  with  falling  temperature  until  about  5  K.  In  coincidence,  the  values 
of  the  parameter  derived  from  reflectivity  spectra  increase  with 
decreasing  temperature  down  to  less  than  20  K.  However,  if  impurity 
scattering  should  have  any  importance  above  100  K,  it  ought  to  become 
dominant  at  somewhat  lower  temperatures. 

A  qualitative  improvement  of  the  model  fit  has  been  obtained  by  assuming 
a  contribution  of  inelastic  scattering.  This  becomes  evident  especially  for 
the  curvature  of  the  HALL  coefficients  and  the  magneto-resistance  in  the 
lower  part  of  the  temperature  range  as  well  as  by  the  capability  to 
reproduce  partly  the  slight  anisotropy  of  the  SEEBECK  coefficient,  which 
has  been  experimentally  proved  for  (Bio  jjSbo  73)2X63.  For  the  assumption  of 
a  contribution  of  IVS  an  essential  shift  of  the  fitting  parameters  and 
deduced  quantities  has  been  observed:  higher  values  of  the  effective  mass 
and  relaxation  time  components,  lower  non-parabolicity  and  Fermi  level. 
Then,  the  parameter  of  non-parabolicity  at  300  K  is  0.015  for  both 
compositions.  The  total  carrier  density  calculated  from  the  fitting  para¬ 
meters  remains  constant  within  10  %  ((Bij  5800.5)2X63)  or  is  varying  within 
30  %  depending  on  the  scattering  assumed  ((Bio  25Sbo  75)2Te3).  The  Fermi 
level  shows  a  strong  almost  linear  decrease  with  temperature  due  to  the 
temperature  dependence  of  the  Fermi  function.  At  room  temperature  a 


strong  anisotropy  of  the  effective  mass  tensor  has  been  found  in  qualitative 
agreement  with  Stordeur[3].  The  a/  are  falling  by  about  20.. 30  %  over 
the  temperature  range.  The  tilt  angle  shows  very  little  variation  with 
temperature.  The  total  d.o.s.  mass  calculated  from  this  data  increases  with 
temperature  (Fig.  1,  Fig.  2).  The  slope  at  low  temperature  is  higher  for 
(Bio.25Sbo.75)2Te3,  which  brings  along  a  mobility  decrease  (i.  e.  FOM 
degradation). 

The  anisotropy  of  the  relaxation  time  constant  has  been  obtained  to  be 
small.  The  maximum  deviation  between  the  components  at  room  tempera¬ 
ture  is  about  30  % .  The  largest  component  has  been  found  along  the  22 
direction.  Similar  to  the  findings  of  [4,7]  the  relaxation  time  constants 
exhibit  a  noticeable  decrease  with  temperature. 
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Fig.  2  Cooiparbon  of  versions  of  carrier  scaucring:  An  analogous  shift  of  model 
parameters  and  dependent  quantities  is  observed  due  to  the  change  to  mixed 
elastic/inel.  scattering  forX'^O.S  andx=0.75 

The  dependence  of  the  calculated  carrier  density  on  the  assumed  scattering 
version  gives  a  further  experimental  confirmation  to  IVS:  The  saturation 
value  of  the  high  field  Hall  coefficient  yields  the  experimental  carrier 
density  independently  from  any  model  assumption .  On  the  (Bio  jsSbo  ,5)2X63 
sample  this  value  has  been  ascertained  [11].  At  room  temperamre  it 
coincides  to  the  calculated  value  for  muted  acoustic  phonon/TVS  scattering 
within  the  experimental  errors. 


Fig.  3  Variation  of  the  Te  concentration  in  the  range  of  solubility  for  several  material 
compositions  (std/LTM)  for  a  given  value  of  variation  of  the  liquid  Tc  concen¬ 
tration  at  the  phase  boundary  (schematically) 

Influence  of  local  carrier  density  variation  on  LTM 

The  production  of  homogeneous  (Bii.xSbj2Te3  LTM  makes  extreme 
demands  on  crystal  growth.  Because  doping  brings  along  the  risk  of 
mobility  restriction,  the  necessary  reduced  carrier  density  is  tuned  by 
growth  with  excess  tellurium  in  the  melt.  A  strong  tendency  to  segregation 
along  the  growth  direction  results  from  the  small  distribution  coefficient 
of  Te.  The  radial  dependenceof  heat  reconductioninside  the  growing  solid 
inhibits  the  forming  of  a  plane  phase  boundary  and  leads  to  radial  gradients 
of  the  Te  concentration.  As  a  consequence,  gradients  or  a  local  variation 
of  the  properties  over  scales  of  the  crystal  dimension  are  observed  (macro¬ 
inhomogeneity).  Hydrodynamic  instabilities  near  the  phase  boundary  due 
to  solutal  density  convection  generate  a  variation  of  the  Te  concentration 


over  a  mm  to  frm  scale  (micro-inhomogeneity).  High  Te  enrichment  near 
the  crystallization  front  lets  arise  the  assumption  of  the  formation  of  Te 
incorporations  in  the  solid  [12],  A  reduction  of  the  FOM  Z  is  related 
to  a  carrier  density  variation  due  to  the  inhomogeneous  Te  incorporation 
or  electrically  conducting  precipitations:  The  occurrence  of  circular  thermo¬ 
electric  currents  diminishes  the  effective  Seebeck  coefficient  and  causes  an 
additional  contribution  to  heat  conduction.  The  Z  reduction  is  essentially 
influenced  by  the  material  composition  x  and  the  average  value  of  the 
carrier  density  p:  The  Te  content  in  the  liquid  ,  changes  insignificantly 
over  the  whole  range  of  the  solid  concentration  c-r„ ,  inside  the  homoge¬ 
neous  6-phase  due  to  its  small  width  [13].  With  a  given  state  of  inho¬ 
mogeneity  in  the  liquid  near  the  phase  boundary  (mean  variation:  Aciei), 
the  variation  in  the  solid  AcVe.s  is  determined  by  the  slope  of  the  solidus  line 
at  the  Te-rich  side  of  the  6-phase  in  the  quasibinary  phase  diagram  (Bi,Sb)- 
Te  (Fig.  3).  Due  to  the  composition  dependence  of  the  deviation  from 
stoichiometry  at  the  dystectic  point,  Acjj ,  will  be  influenced  for  a  given  p 
by  the  choice  of  the  material  composition. 


0  S  10  15  20  25  30  35  40 


Rg.  4  SEEBECK-scan  along  a  BRiDCMAN-grown  ingot  of  (Bi„  jSbj  ,),Te,.  The  Te 
segregation  leads  to  the  conversion  to  n-typc.  The  box  magnifies  the  part  of 
maximal  S 
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Fig.  5  Scan  of  the  SEEBECK-coefficient  over  the  cross  section  of  a  cylindric  sample  of 
(Bio,jSbo,3)iTc3  with  a  n-type  inclusion. 

Fig.  3  presents  the  situation  schematically  for  the  investigated  compositions 
.r=0.5,  0.75  and  an  intermediate  value:  For  LTM  (x=0.5)  the  stoichio¬ 
metry  line  (M2Te3)  intersects  the  range  of  existence;  Ci„  can  be  increased 
until  n-conduction  is  reached.  For  an  intended  carrier  concentration  p,  i. 
e.  for  a  given  Cje.s  the  solidus  line  is  less  inclined  than  for  standard  material 
("std",  x=0.75).  Hence,  the  inhomogeneity  content  increases.  N-type 
inclusions  are  easily  formed  for  macro-inhomogeneous  material  of  low 
average  carrier  density.  If  the  material  composition  is  chosen  in  a  manner, 
that  the  reduced  carrier  concentration  necessary  for  LTM  is  just  reached 
for  the  steepest  range  of  the  solidus  line  (and  the  5-phase  doesn’t  touch  the 
stoichiometry  line),  most  favorable  conditions  for  the  generation  of 
homogeneous  material  exist.  With  drawing  advantage  from  the  Te 
segregation,  [14]  investigated  samples  of  different  carrier  density  from 
one  zone  melted  (Bi,  4Sbo  (i)2Te3  ingot.  From  the  stabilization  of  the  material 
properties  near  the  end  of  the  ingot  ait  low  carrier  density  values  can  be 
concluded,  that  an  mversion  to  n-type  is  still  possible  for  x<0.6.  Their 


maximum  values  of  the  ternperamre  dependencies  of  the  Harman  FOM 
are  in  qualitative  agreement  with  our  computed  curves  Z„„(7)  (see 
Fig.  10), 

A  locally  resolving  tliermo  probe  technique  [15]  allows  an  exemplary 
characterization  of  the  inhomogeneity  state  (line  and  planar  scans  on  the 
sample  surface)  down  to  a  resolution  of  20. .50  p.m.  Fig.  4  shows  a  line 
scan  along  the  axis  of  a  (Bio  ^SbosljTe,  Bridgman  ingot.  The  small 
extension  of  the  area  with  LTM  properties  is  recognizable.  This  area  is 
located  in  a  section  of  strong  gradients  of  the  Seebeck  coefficient  and  in 
near  neighborhood  to  the  pn-transition.  Therefore  a  preparation  of  LTM 
samples  with  satisfactory  homogeneity  from  this  ingot  cannot  be  expected. 
Fig.  5  presents  a  scan  along  the  radial  direction  near  the  pn-transrtion 
containing  a  n-type  inclusion  as  a  typical  (and  fatal)  example  of  macro¬ 
inhomogeneity. 

With  decreasing  amount  of  the  carrier  density  the  reduction  of  the  FOM 
due  to  a  given  variation  Acj.,  grows  drastically.  With  a  FOURIER  series 
approach  after  [16]  for  micro-inhomogeneity  of  small  amplitude,  for¬ 
mulae  for  the  estimation  of  the  effective  material  properties  have  been 
developed  in  [17].  In  the  longimdrnal  layer  case  (i.  e.  for  parallel 
connection  of  regions  with  different  properties)  the  expressions 

Thermoel.  circular  currents:  S„'.,  k„^  ->  Z_'.s 
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are  valid.  For  optimized  material  (SEEBECK  coefficient  S^=S(Z„^),  the 
approximation  ~  1/3  can  be  applied  mdependently  from  tempera¬ 

ture  (compare  Fig.  6,7:  ternperamre  dependence  S„p(I)).  Hence,  for  the 
reduction  of  the  FOM  results 

An  estimation  for  the  increase  of  the  inhomogeneity  influence  when 
changing  from  standard  ("std")  to  LTM  can  be  deduced  from  the  ratio  of 
the  conductivity  values  (see  Fig.  8): 

.TTu  [  A -CtmV 

Exp.  (Bi„,Sbo,)2Te3:  =  3  -  -* -  =  6..10  p-^  P) 
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The  empirical  search  for  optimal  LTM  therefore  meets  systematical 
obstacles. 
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Fig.  6  Sample  scries  of  a  Bridgman  ingot  (j:=0.5) 

-  calculated  value  at  maximum  FOM  (one-carrier  model) 

Temperature  dependent  properties 

Cylindric  specimens  of  1..3  mm  in  length  were  cut  from  a  Bridgman- 
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grown  (Bid jSbo  5)2X63  single  crystalline  ingot  (0  10  mm).  The  temperature 
dependence  of  thermoelectric  properties  (Seebeck  coefficient  S,  electrical 
and  thermal  conductivity  a,  k,  figure  of  merit  (Harman)  Zh;  100  . 400  K) 
along  the  ingot  axis  (across  tlie  crystallographic  c-axis)  are  presented  in 
Fig.  6,8,9,10.  For  comparison,  measurements  will  be  discussed  for  a  set 
of  selected  samples  of  the  composition  (Bio  2586075)2X63  with  differing 
carrier  density  values  (Fig.  7,11). 


Fig.  7  Set  of  samples  (x=0.75)  with  different  carrier  density:  The  highest  reachable  S 
values  are  limited  by  Te  solubility.  5,^,  -  calculated  value  at  maximum  FOM  (one- 
carrier  model) 


Fig.  8  Sample  series  of  a  Bridgman  ingot  (x=0.5):  The  conductivity  can  be  diminished 
down  to  the  intrinsic  level  by  increasing  the  Te  concentration 

The  consideration  of  Fig.  6  and  Fig.  10  reveals,  that  the  shift  of  the  Z(7) 
maximum  below  room  temperature  begins  for  values  of  the  SEEBECK 
coefficient  S(300  K)>230  ftV/K,  i.  e.  about  8  mm  away  from  the  pn- 
transition  flook  Fig.  4).  The  maximum  room  temperature  value  of  the 
Seebeck  coefficient  at  the  transition  from  one-carrier  conduction  to  mixed 
conduction  is  equivalent  to  the  location  of  the  Z(7)  maximum  in  the 
150. .200  K  range.  The  zoom  in  Fig.  4  shows  in  this  region  of  the  ingot 
increasing  inhomogeneity  (upcoming  gradients).  Samples  with  a  maximum 
in  their  Z(7)  dependence  below  150  K  exhibit  at  room  temperature 
Seebeck  coefficient  values  falling  below  200  ftV/K  due  to  a  growing 
portion  of  electron  conduction.  In  the  considered  ingot  this  region  is  very 
small  and  disturbed  by  a  steep  gradient.  Therefore  greatly  reduced  values 
of  the  Harman  FOM  had  to  be  expected  from  an  integral  measurement  of 
this  part  (sample  N®  40). 

In  comparison  to  the  temperature  dependencies  of  the  Seebeck  coefficient 
of  both  compositions  (Fig.  6:  x:=0.5.  Fig.  7:  j:=0.75)  a  significant 
curvature  and  a  steeper  slope  of  the  (Bi^  25860  75)3X63  curves  is  recognizable 
especially  at  low  temperatures,  whereas  S(T)  for  (Bio  5860  5)3X63  the 
extrinsic  range  has  an  essentially  linear  shape.  This  is  caused  by  the 
differences  of  the  temperature  dependence  of  the  band  shape  and  can  be 
understood  in  context  with  the  calculated  dependencies  of  d.o.s.  mass 
(Fig.  1:  x=0.5,  Fig.  2:  j:=0.75),  if  a  temperature  constant  carrier  density 
is  implied:  The  stronger  decrease  of  the  effective  mass  towards  lower 


temperarnresfor  (Bio  35860  75)3X63  is  equivalentto  a  narrowing  of  the  energy 
extrema  and  leads  to  a  higher  FERMI  level. 


Rg.  9  Sample  series  of  a  Bridgman  ingot  (x=0.5):  The  increasing  inhomogencity 
towards  decreasing  conductivity  lifts  the  lowest  curves  and  causes  intersections 


Fig.  10  Sample  series  of  a  BRIDGMAN  ingot  (jc=0.5):  Strong  inhomogeneity  leads  to 
reduced  experimental  values  at  low  temperatures;  Z,n„-  calculated  maximum  value 
(one-carrier  model) 


Fig.  11  Sample  set  (x=0.75):  The  limited  Te  solubility  prevents  that  the  theoretical 
maximum  values  are  reached  at  low  temperature.  -  calculated  maximum  value 

(one-carrier  model) 


The  smaller  band  gap  of  (Bij  sShp  5)3X03  brings  along  a  significant  degra¬ 
dation  of  the  FOM  at  room  temperature,  whereas  this  becomes  apparent 
for  (8^,  25860  75)3X63  still  above  about  320  K.  For  this  reason  the  HARMAN 
experimental  values  of  (Bio  ,860  5)3X63  reach  their  best  approximation  to  the 
computed  maximum  values  (extrinsic  model)  below  room  temperature 
(Fig.  10),  whereas  (Bio  25860.75)3X63  nearly  reproducesUte  calculated  values 
near  300  K  (Fig.  1 1).  The  maximum  3(K)  K  8EEBECK coefficient  reaches 
amounts  about  260.  .270  ftV/K  for  both  sample  sets.  The  restriction  arises 
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for  (Bio  jSbi,  5)2X03  from  the  beginning  inirinsic  processes,  for 
(BiojjSbj, 5)2X03  on  the  other  hand  from  the  limited  solubility  of  Xe.  Xhe 
latter  results  in  the  fact,  that  the  optimization  condition  can  no  more  be 
fulfilled  for  (Bid  jjSb,,, 5)2X6,  without  admixtures  below  about  250  K.  Xhis 
is  in  agreement  to  the  limitation  of  the  diminution  of  electrical  and  thermal 
conductivity  for  (Bi„  255^,  25)2X63.  Xhe  descend  of  the  HARMAN  FOM  below 
the  theoretical  maximum  values  at  low  temperatures  for  (61555^,5)2X63  is 
on  the  other  hand  connected  to  the  strong  inhomogeneity  of  the  available 
LX  samples.  An  indication  for  that  are  the  moderated  temperature 
dependence  of  the  electrical  conductivity  (sample  N“  40)  as  well  as  an 
increase  of  the  thermal  conductivity  (formation  of  thermoelectric  circular 
currents).  Xhe  thermal  conductivity  reacts  most  sensitive  of  all  quantities  to 
both  the  appearance  of  a  second  carrier  type  and  material  inhomogeneity. 
Hence,  a  direct  experimental  proof  for  inhomogeneity  is  accessible:  5imilar 
to  the  electrical  conductivity  the  thermal  conductivity  depends  for  a  fixed 
temperature  and  a  given  material  composition  monotonously  on  the  majority 
carrier  concentration,  both  for  the  electronic  and  the  bipolar  component. 
Intersections  of  the  temperature  dependencies  of  a  sample  series  can  solely 
be  caused  by  the  uplift  of  single  curves  due  to  additional  contributions  of 
thermal  conductivity.  In  agreement  to  the  above  discussion  this  concerns 
especially  the  LXM  samples.  Hence,  for  homogeneously  prepared  LXM  a 
significantly  higher  FOM  than  from  our  ingot  should  be  expected. 

Xhe  electrical  conductivity  exhibits  the  lowest  sensitivity  to  the  occurrence 
of  a  second  carrier  type.  Its  influence  becomes  apparent  still  for  lowest 
conductive  (611,556,15)2X63  samples.  Xhe  greatly  inhomogeneous  sample  N“ 
40  has  a  clearly  moderated  slope  compared  to  the  parallelity  of  all  other 
conductivity  curves  in  the  extrinsic  range.  In  the  logarithmic  diagram  the 
nearly  linear  dependencies  a(T)  for  (Bi,,  5561,5)2X63  contrast  with  the  slightly 
curved  ones  for  (Bi„255b„, 5)2X6,. 

Determination  of  properties  of  homogeneous  LXM 

Xhe  computation  of  the  optimal  carrier  density  and  the  reachable  maximum 
FOM  for  given  values  of  composition  and  operational  temperature  was 
based  on  the  model  of  charge  transport  discussed  above.  Macro-homo¬ 
geneous  single  crystals  of  high  quality  with  higher  than  room  temperature 
optimal  carrier  density  were  used.  In  this  way  the  influence  of  local 
variation  of  the  Xe  concentration  is  reduced  and  the  evaluable  extrinsic 
range  is  extended  towards  higher  temperature.  Model  parameters  are 
obtained  from  the  fit  to  an  extensive  data  set.  For  a  given  value  S(XJ  they 
provide  computed  temperature  dependencies  of  relevant  quantities  of  charge 
transport  (S(T),  a(T),  p(T),  L(T)).  Xhe  lattice  contribution  of  the  thermal 
conductivity  was  separated  from  the  experimental  values  and  used  for  the 
calculation  of  the  FOM.  Xhe  reachable  maximum  FOM  Z„,„  for  an 
operational  temperature  X,,  and  the  belonging  to  it  optimal  concentration 
was  obtained  from  the  maximization  of  the  function  Z(p,T=T,).  Xhen, 
S„p,=S(p„p„X=r„).  Xhe  execution  of  this  procedure  for  a  sufficiently  close 
grid  of  composition  values  x  yields  a  function  Z,„„(.x,7).  from  which  a 
function  of  the  optimal  composition  x„5,(T)  can  be  built. 

Comparison  Theory-Experiment  sbiIbs:  71  asob 


Material  parameter  "m"  for  fixed  temperature  °  I  lOGO-fim 


Fig.  12  (,ic=0.5):  The  calculated  curves  yield  a  monotonous  increasing  parameter  m  with 

falling  temperature.  Small  cr  intrinsic  effects  reduce  the  experimental  values 


Xheory  and  experiment:  S(o) 

Xhe  reliability  of  such  limit  functions  can  only  be  assumed,  if  the  applica¬ 
bility  of  the  transport  model  can  be  assured  over  the  whole  range  of 
relevant  carrier  density  values.  Xhis  is  possible  by  means  of  comparison  of 
the  S(a)  dependence  for  a  set  of  samples  with  different  carrier  density 
values  at  a  fixed  temperature.  For  each  sample,  one  point  is  formed  from 
interpolation  values  of  the  experimental  temperature  dependencies  S(T)  and 
o{T).  Xhis  points  array  on  parameter  curves,  which  location  is  a  quality 
parameter  for  the  maximum  FOM  Z,„5,,(r„).  (For  simplifying  mode! 
assumptions  -  isotropic  scattering  -  values  of  the  material  parameter 
m=//„(mj/OTo)’”  can  be  determined  from  the  curve;  /(„  -  carrier  mobility  in 
the  case  of  Boltzmann  statistics.)  Xhe  curves  can  immediately  used  for 
material  comparison  between  different  compositions  with  equal  lattice 
thermal  conductivity.  Xhis  comparison  is  more  meaningful  for  the 
properties  of  homogeneous  single  crystals  than  the  immediate  consideration 
of  Harman  FOM,  since  the  Seebeck  coefficient  and  the  electrical 
conductivity  are  the  least  sensitive  to  material  inhomogeneity  quantities. 


Comparison  Theory-Experiment  SBtA75B_Lc 


Material  parameter  "m"  for  fixed  temperature  I  1000-Qm 


Fig.  13  Parameter  curves  5(a)  (a:=:0.75):  The  highest  value.s  m  are  calculated  for  200  K.  The 
experimental  values  show  a  weak  variation  (weak  inhomogeneity) 

If  the  range  of  smallest  conductivity  for  (61555655)2X63  (Fig.  12)  is  left 
aside  (where  no  comparison  between  theory  and  experiment  is  possible  due 
to  systematical  reasons  since  the  model  implication  (one  carrier  type)  is  not 
fulfilled),  the  calculated  S{  a)  curves  practically  coincide  with  the  experi¬ 
mental  dependencies  above  200  K.  Merely  for  the  lowest  temperatures  the 
experimental  values  remain  slightly  smaller.  Xhe  model  reproduces  the 
experimental  result  of  a  monotonous  increasing  parameter  m  with  falling 
temperature.  For  (81525565,5)2X63  (Fig.  13),  the  model  yields  the  highest  m 
values  near  200  K,  Xhe  sorting  of  the  experimental  curves  is  weaker,  the 
100  K  values  remain  slightly  behind  the  calculated  ones  and  those  for 
(Bi„5Sbo5)2Xe3. 

As  a  further  criterium  for  the  applicability  of  the  transport  model  can  be 
checked,  whether  the  used  calculation  procedure  provides  a  lattice  thermal 
conductivity  value  independently  from  the  carrier  concentration  of  the 
sample.  At  100  and  300  K  nearly  identical  values  have  been  found  for 
sample  sets  of  both  compositions.  Hence,  the  comparison  of  the  5(  a)  curves 
shows  the  material  with  higher  Z„„  at  these  temperatures.  Xhe  plot  over 
electrical  conductivity  yields  practically  constant  values,  merely  above  250 
K  a  weak  sorting  appears  for  (Bi„255b„, 5)2X03.  Hence,  the  suggested  model 
can  be  evaluated  as  applicable  for  specimens  down  to  low  carrier  density 
values. 

Conclusions 

Xhe  proposed  charge  transport  model  gave  for  both  (Bi|,  ,Sb„  5)3X63  and 
(615,5565,5)2X63  a  satisfying  fit  of  the  experimental  temperature  dependen¬ 
cies.  Xhe  fitting  parameters  of  the  effective  mass  are  comparable  to 
literature  values  by  magnitude  and  component's  ratio.  Xheir  variation  with 
temperature  remains  weak.  Xhe  scattering  on  acoustic  deformation  potential 
shows  small  anisotropy  nearly  parallel  to  the  crystal's  axes.  Xhe  relaxation 
time  constants  are  decreasing  with  temperature.  A  satisfying  fit  is  obtained 
for  pure  acoustic  phonon  scattering,  which  is  not  significantly  improved  for 
mixed  elastic  scattering,  Xhe  consideration  of  inelastic 
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scattering  yields  a  qualitatively  better  reproduction  of  the  temperature 
dependencies,  especially  of  the  galvanomagnetic  coefficients  between 
100. .150  K  and  could  explain  the  small  anisotropy  of  the  Seebeck 
coefficient  measured.  The  mixing  parameters  are  small. 

The  applicability  of  the  model  to  the  relevant  range  of  carrier  concentration 
could  be  confirmed.  The  assumption  of  intervalley  scattering  between 
equivalent  energy  extrema  of  the  six-valley  strucmre  is  emphasized  by  a 
high  field  Hall  experiment.  It  could  be  shown,  that  homogeneous 
(Bid  jSbo  5)2Te3  rnaterial  possesses  more  favorable  features  for  low 
temperature  application  compared  to  (Bi,  jsSfag  75)2Te3  due  to  its  band 
structure  and  higher  Te  solubility.  Nevertheless,  its  strong  tendency  to 
inhomogeneity  aggravates  the  preparation  of  sufficiently  homogeneous 
material  and  presents  a  challenge  to  tlie  growth  techniques,  which  are  less 
complicated  to  control  in  the  composition  range  0.5<x<0.75. 
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FUNCTIONAL-GRADIENT  MATERIALS  FOR  THERMOELECTRIC 
ENERGY  CONVERTORS 

Anatychuk  L.I.,  Vikhor  L.N.,  Kuznetsov  A.V.,  Letiuchenko  S.D- 
Institute  of  Thermoelectricity,  General  Post-Office,  Box  86,  274000,  Chernivtsi,  Ukraine 


It  is  well-known  that  progress  in  thermoelectrics 
occurs  mainly  due  to  the  progress  in  thermoelectric 
material  science.  For  last  30  -  40  years  the  scientists 
worked  hardly  on  finding  the  optimal  parameters  of  the 
homogeneous  thermoelectric  material.  These  are  the 
composition,  dopants  concentration  determining  the 
current  carriers  concentration  in  materials  (fig.  1).  It  was 
silently  said  that  the  object  for  study  is  homogeneous 
thermoelectric  material.  Success  of  this  approach  coming 
true  is  undoubtable. 


Fig.  1.  Homogeneous  thermoelements  optimal  parameters 


Ni  -  material  composition 
n  -  impurity  concentration 
nO  -  current  carrier  conceiuation 

But  there  are  no  material  changes  in  figure  of  merit 
increase  during  last  decades.  Value  of  zT  is  around  the 
magic  for  thermoelectrics  magnitude  of  zTi^l.  Our 
institute  has  made  the  analysis  for  maximum  possibilities 
of  homogeneous  materials.  From  this  it  follows  that  the 
further  essential  improvement  of  the  figure  of  merit  for 
the  known  electron  and  phonon  substance  structures  will 
maybe  not  occur. 

At  the  same  time  it  gets  more  and  more  obvious 
that  the  further  progress  in  thermoelectric  materials  is 
connected  with  inhomogeneous  materials.  In  these 
substances  the  three-dimensional  thermoelectric  effects 
can  occur.  First  these  effects  were  mentioned  almost 
simultaneously  by  Samoilovich  A.G.,  Korenblit  L.L.  [1] 
(Ukraine,  Chernivtsi)  and  Dominicali  [2].  Expeiimentally 
the  presence  of  three-dimensional  gradient  effect  was 
firstly  proved  using  Ge  samples  by  P. I. Baransky  (Ukraine) 


in  1958  [3].  Possibilities  for  practical  usage  the  three- 
dimensional  effect  for  thermoelectric  cooling  efficiency 
increase  are  shown  in  american  patent  [4]  where  authors 
are  not  said,  unfortunatelly.  Reich  A.D.  in  1972  reported 
of  getting  the  temperature  difference  more  than  80 
degrees  using  the  inhomogeneous  thermoelement  [5].  The 
big  contributions  to  the  inhomogeneous  thermoelements 
development  were  paid  by  Semeniuk  V.A.  [6-11],  Vainer 
A.L.,  Lukishker  E.M.,  Kolomoets  N.V.  [12],  Rivkin  A.S. 
[13].  Most  of  the  encouraging  results  were  gotten  by  them 
for  the  first  time,  and  this  was  the  reason  for  more  active 
investigations  in  this  area.  Generalization  for  three- 
dimensional  effects  study  and  their  combined  analysis  are 
given  in  the  book  "Optimal  control  of  thermoelectric 
materials  and  devices  characteristics"  by  Anatychuk  L.I. 
and  Semeniuk  V.A,  [14]. 

Three-dimensional  effects  realization  in 
combination  with  material  properties  temperature 
dependences  leads  to  the  necessity  of  using  more  complex 
methods  for  substance  optimization,  namely  optimization 
by  functions  instead  of  optimization  by  parameter  (fig. 2). 

Fig.  2.  Inhomogeneous  material  optimal  Junctions 

Ni  -  material  composition 
n  -  impurity  concentration 
nO  -  current  carrier  concentration 


-  temperature 
gradient 


Mathematically  the  problem  of  finding  the  optimal 
function  of  material  inhomogeneity  is  formulated  as 
follows.  Let's  examine  the  thermoelement  comprising  n- 
and  p-type  legs  where  the  material  properties  are  being 
changed  with  the  coordinate  because  of  parameters  are 
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dependent  on  temperature  and  charge  carriers 
concentration. 

One-dimensional  stationary  temperature  T 
distribution  in  thermoelement  legs  is  being  determined  by 
the  differential  equations  system  of  non-equilibrium 
thermodynamics 


.  dT 

=  0 

0T 

dx 

dx 

nn  ■ 

-T — 

=  0 

dT 

dx 

dx 

(1) 


therewith  Seebeck  coefficients  a,  electric  conductance  a 
and  thermal  conductance  K  are  functions  of  electron 
concentration  a(x)  in  n-leg,  or  holes  concentration  p(x) 
in  i>-leg,  and  the  temperature,  namely 

a„  =  a„  (n(x),  T);  =  CTj,  (n(x),  7);k„  =  k„  (n(x),  T);  (2) 

Op  =  ap  (p(x),  T);  dp  =  Op  (p(x),  T);Kp  =  Kp  (p(x),  T); 

Power  effieiency  of  thermoelement  in  cooling 
mode  is  determined  by  coefficient  of  performance 


Tabel 


Optimal  functions 

Obtained  results 

1.  The  material  optimal 
inhomogeneity  for  a 
cooling  thermoelement  of 
Bi  -  Te  [14] 

ATmax  increase  by  17%  s 
njax  0.5  -  6  times 

2.  The  magnetic  field 
optimal  inhomogeneity  for 
low-temperature 
thermoelement  of  Bi  -  Sb 
[15] 

Smax  increase  1.1  -  1.2 
times 

3.  The  magnetic  field 
optimal  inhomogeneity  for 
stage  coolers  thermo¬ 
element  of  Bi  -  Sb  [16] 

emax  increase  1.5-3 
times 

4.  The  material  optimal 
inhomogeneity  for 
generating  thermo-element 
of  .a  -  7e[17] 

Efficiency  increase  1.25 
times 

e 


Qc 

Qt-Qc' 


(3) 


Efficiency  of  thermoelement  generating  the 
electricity  is  determined  by  its  efficiency  value 


r]  = 


Qt-Qc 
Qt  ■ 


(4) 


Heat  fluxes  Qh  and  Qc  between,  the  thermoelement 
and  the  external  sources  at  fixed  temperatures  7},  and  7^ 
are  defined  from  the  equations  system  (1)  solution  on  the 
thermoelement  legs  edges  at  the  boundary  conditions 


Getting  the  functional -gradient  materials  is  possible 
in  different  ways. 

The  simplest  one  is  to  use  piece-homogeneous 
material.  Model  of  this  structure  is  given  in  fig.3.  Such 
experiments  were  conducted  by  many  scientists  [8-10,  12]. 
The  calculations  were  also  made,  and  from  them  it  was 
foun  dhow  many  hornogeneous  pieces  should  one  take  to 
have  good  approximation  to  the  needed  inhomogerleity.  It 
occurred  that  3-4  pieces  is  enough. 

Fig.3.  Model  of  partially  homogeneous  structure 


in  the  cooling  mode 

T„,p(0)=^Tn,  T„,p(I)  =  Tc  (5) 

in  the  generation  mode 

Tn,p(0)  =  Tc,Tr,,p(l)  =  Tp  (6) 

The  problem  is  to  find  such  an  optimal  current 
carriers  distribution  in  both  thermoelement  legs  n(xj  and 
p(xj  and  such  parameters  of  current  density  i„  ,  ip  ,  so 
they  could  provide  the  maximum  COP  (3)  value  or 
generation  efficiency  (4)  at  differential  bonds  (1)  and 
boundary  conditions  (5)  or  (6). 

Optimal  function  search  is  pretty  difficult 
mathematical  problem  we  decided  to  solve  by  optimal 
control  theory,  although  the  other  mathematical  methods 
can  be  used  as  well. 

By  now  the  problems  of  optimal  inhomogeneity 
finding  are  being  solved  step  by  step  in  the  Institute  of 
Thermoelectricity  both  for  cooling  and  energy  generation 
modes,  and  the  possibilities  for  efficiency  increase  by 
using  functional-gradient  materials  are  brightly 
demonstrated.  Results  for  these  problems  solving  are  in 
the  table.  It  is  seen  that  using  functional-gradient 
materials  improves  a  lot  the  thermoelectric  conversion 
efficiency  in  both  cooling  and  energy  generation  modes. 

That’s  why  it  is  neeessary  to  create  the  technology 
for  these  materials. 


But  using  such  combined  legs  will  lead  to  losses  on 
the  contacts  and  this  will  decrease  the  structure  efficiency. 
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It  is  attractive  to  create  the  inhomogeneous 
structure  by  modification  the  known  methods  for 
thermoelectric  materials  obtaining. 

In  fig. 4  there  are  the  results  of  these  investigations 
for  thermoelectric  material  of  n-type  of  Bi-Te  aimed  to 
thermoelectric  cooling.  Full  line  is  the  needed  optimal 
current  carriers  concentration.  The  shaded  area 
corresponds  to  experimental  materials  homogeneity  value 
(materials  are  obtained  by  compacting  a  id  Chokhralsky 
methods).  Similar  results  are  gotten  also  for  />-type 
materials. 

Fig.4.  Functional-gradient  Bi-Tt  of  n-type 


n-10'’,  cm  ’ 


Results  demonstrate  the  possibility  to  get  the 
materials  with  prescribed  inhomogeneity  and,  therefore, 
creating  the  thermoelectric  battery  of  improved  quality 
using  the  functional-gradient  materials. 
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Single  crystal  solid  solutions  based  on  BizTes  doped  with  various  additions  were 
grown  by  the  Czochralski  technique.  The  influence  of  doping  on  thermoelectric 
and  mechanical  properties  of  these  solutions  was  studied.  The  effective  segrega¬ 
tion  coefficients  for  the  dopants  were  determined.  Homogeneity  of  single  crys¬ 
tals  up  to  40  mm  in  diameter  was  investigated. 


Introduction 

The  bismuth  telluride  based  solid  solutions  are  used  in  a  nega¬ 
tive  leg  of  thermoelectric  coolers  in  the  temperature  range  of 
220  to  350  K.  In  search  of  more  efficient  low- temperature  ma¬ 
terials  we  have  conducted  investigations  of  multi-component 
solid  solutions.  The  basic  composition  was  solid  solution 
Bi2Te2.85Seo.13.  CdTe,  InrTes,  Sb2Se3,  BBSs,  Ge,  and  Cu,  hav¬ 
ing  restricted  solubility  region,  were  used  as  impurities.  As  an 
addition  ensuring  the  n-type  conductivity  in  the  material  anti¬ 
mony  iodide  SbB  was  used. 

Our  objective  was  to  estimate  the  influence  of  doping 
on  thermoelectric  and  mechanical  properties  of  the  solid  solu¬ 
tions  and  to  determine  the  dopants  effective  segregation  coef¬ 
ficients,  for  these  give  an  indication  of  distribution  of  the  ele¬ 
ments  along  the  crystal  length. 

Experimental 

The  single  crystals  were  grown  by  the  Czochralski  technique 
with  the  replenishment  of  the  melt  using  a  double  crucible 
(floating  crucible)  technique  [1].  They  were  grown  in  a  direc¬ 
tion  [lOiO]  normal  to  the  main  crystallographic  axis  c.  The 
starting  charge  was  prepared  from  the  previously  synthesized 
compounds  Bi2Te3,  Bi2Se3,  InaTes,  Sb2Se3,  CdTe,  Bi2S3  and  el¬ 
ements  Cu-  and  Ge.  These  materials  were  of  4N  purity.  The 
crystals  grown  had  the  form  of  platelets  up  to  120  mm  long, 
to  25  mm  wide,  and  to  15  mm  thick.  Single  crystals  of  the 
following  compositions  were  investgated: 

Bi2Te2.85Seo.15  -  X  mol  %  CdTe  for  x  =  0.5  to  3, 
Bi2Te2.83Seo.15  -  X  mol  %  InzTes  for  x  =  0.2  to  2, 
Bi2Te2.85Seo.15  -  X  mol  %  SbzSes  for  x  =  1  to  3. 

Bi2Te2.85Seo.15  -  X  at.  %  Cu  for  x  =  0.05  to  0.3, 

Bi2Te2.85Seo.15  -  X  at.  %  Ge  for  x  =  0.2  to  1, 

BhTes-zSz  for  z  =  0.06  to  0.09, 

BizTes-y-zSeySz  for  y  =  0.09,  z  =  0.06  and  y  =  0.09,  z  =  0.09. 
For  each  composition  the  specified  growth  conditions  provid¬ 
ing  high  perfection  of  single  crystals  were  determined. 

The  content  of  the  dopants  Cu,  In,  Gc,  and  Se  was  de¬ 
termined  by  plasma  absorption  spectroscopy  by  using  a  spec¬ 
trophotometer  of  the  Perkin-Elmer  type  (model  403),  and  the 
sulphur  content  was  measured  by  a  computerized  BINOS  gas 


analyzer  (model  CSA-2003).  The  both  methods  permit  to  mea¬ 
sure  the  concentration  of  the  analysed  elements  to  a  high  pre¬ 
cision.  The  measurements  yielded  the  dopants  effective  segre¬ 
gation  coefficients  displayed  in  Table  1  [2  -  4].  The  maximum 
segregation  coefficients  correspond  to  S  and  Se  (see  Table  1) 
which  are  situated  in  the  same  group  as  the  host  elements  are 
(Group  VI). 


Table  1.  The  effective  segregation  coefficients  for  the  dopants  in 
Bi2Te2.85Seo.15 


Group  of  the 
Periodic  table 

Dopant 

Form 
of  the 
dopant 

Effective 
segregation 
coefficient  Keff 

I 

Cu 

Cu 

0.17 

II 

Cd 

CdTe 

0.21 

III 

In 

InzTes 

0.51 

IV 

Ge 

Ge 

0.13 

VI 

S 

BhSs 

0.8 

Se 

Sb2Se3,  BriSes 

1.3 

The  thermoelectric  properties  of  single  crystals  of  the 
basic  solid  solution  Bi2Te2.s5Seo.15  with  a  variety  of  current  car¬ 
rier  concentration  (Fig.  1)  and  of  this  solid  solution  doped  with 
various  impurities  (Fig.  2)  were  measured  over  the  temperature 
range  of  100  to  400  K.  The  value  of  thermoelectric  figure  of 
merit  of  Bi2Te2.85Seo.15  single  crystals  changes  from  2.8  to 
3.’lxl0‘’  K‘  in  the  temperature  range  220  to  310  K  (curves  1 
and  2  in  Fig.  1).  Several  types  of  miniature  coolers  were 
manufactured  from  these  syngle  crystals  and  withstood  tests 
[6].  Doping  of  the  solid  solution  with  Ge,  Bi2S3,  Sb2Se3,  and 
CdTe  results  in  increase  in  material’s  figure  of  merit  compared 
to  Bi2Te2.85Seo,i5  at  the  same  carrier  concentration  and  in  ex¬ 
pansion  of  the  temperature  range  in  which  high  values  of  Z 
are  held.  In  the  temperature  range  200  to  270  K  the  figure  of 
merit  Z  =  (2.8  -  3.2)xl0'’  K'‘,  and  in  the  range  270  to  320  K 
Z  =  (3.1  -  3.2)xl0'’  K‘  (curves  1  and  2  in  Fig.  2). 
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Fig.  1.  Thermoelectric  figure  of  merit  of  Bi2Te2.85Seo.15  single 
crystals  with  different  coefficients  of  thermoelectric  e.m.f.  at 
300  K:  (1)  -206  microV/K,  (2)  -240  raicroV/K,  and  (3)  -273 
microV/K  as  a  function  of  temperature. 


Fig.  2.  Thermoelectric  figure  of  merit  of  the  single  crystal 
compounds:  (1)  Bi2Te2.85Seo.15  *  0.5  at.  %  Ge,  (2)  Bi2Te2.85Seo.15 
-r  2  mol  %  SbaSeo,  and  (3)  Bi2Te2.82Seo.09So.09  with  the  same 
values  of  coefficient  of  thermoelectric  e.m.f.  at  300  K  as  a 
function  of  temperature. 


Single  crystals  doped  with  the  above-mentioned  addi¬ 
tions  were  used  for  investigation  of  mechanical  properties 
(bending  strength)  of  these  solid  solutions  [3,  5,  7].  A  knowl¬ 
edge  of  these  properties  is  important  since  mechanical  and 
thermal  stresses  appearing  at  various  stages  of  manufacture  and 
operation  of  devices  made  of  these  materials  may  lead  to  their 
destruction.  The  mechanism  of  plastic  deformation  of  the  single 
crystals  has  been  studied.  The  doping  causes  strengthening  of 
chemical  bonding  between  layers  in  solid  solutions  based  on 
BhTes  [8].  These  tests  show  that  doping  with  BiiSs,  862863, 
CdTe,  Cu,  and  Ge  in  specified  amounts  causes  increase  in  Z 
and  also  enhancement  of  mechanical  strength  of  the  material. 
Figure  3  shows  a  sample  of  single  crystal  compound 


Bi2Te2.85Seo.15  +  2  mol  %  CdTe  after  bend  tests.  The  sample 
is  deformed  by  interlayer  shears  of  basic  planes  which  pass 
mainly  through  the  medium  part  of  the  sample. 


Fig.  3.  A  sample  of  single  crystal  compound  Bi2Tc2.85Seo.i.5  + 
2  mol  %  CdTe  after  bend  tests. 


The  Czochralski  technique  allows  one  to  grow  large¬ 
sized  single  crystals  up  to  50  ram  in  diameter.  Therefore,  a 
study  of  axial  and  radial  homogeneity  of  single  crystals  as  a 
function  of  crystal  diameter,  pull  rate,  and  purity  of  source  ma¬ 
terials  was  conducted  [9].  From  this  study  the  conditions  of 
growth  of  homogeneous  along  the  length  and  cross-section 
Bi2Te2.85Seo.i.5  single  crystals  up  to  35  mm  in  diameter  were  de¬ 
termined.  Figure  4  illustrates  the  distribution  of  coefficient  of 
microthermoelectric  e.m.f.  across  the  cross-section  of  plates  cut 
from  the  initial  part  of  the  crystal  (about  30  mm  from  the 
seed)  (Fig.  4a)  and  from  the  end  of  the  crystal  (about  140  mm 
from  the  seed)  (Fig.  4b)  which  was  grown  in  accordance  with 
the  determined  conditions.  Variation  of  coefficient  of 
microthermoclectric  e.m.f.  across  the  cross-section  in  both 
cases  lies  within  ±  5  microV/K. 

Fig  4.  Variation  of  coefficient  of  microthcrmoelectric  e.m.f. 
across  the  cross-section  of  a  plate  cut  from  (a)  the  initial  part 
(about  30  mm  from  the  seed)  and  (b)  from  the  end  (about  140 
mm  from  the  seed)  of  the  single  crystal. 


(a) 
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(b) 


Nauk,  scr.  Neorg.  Maler.,  1994,  v.30,  No. 4,  pp.474-478. 

18|,  M.A.Korzhucv,  S.N.Chizhevskaya,  T.E.Svechiiikova,  O.G. 
Karpiiiskii,  Mechanical  Properties  of  Single  and  Polycrystals  of 
Bi2Te3  and  BiiTer.ssSeo.is  Doped  with  Copper,  /zv.  Akad.  Nauk, 
ser.  Neorg.  Mater.,  1992,  v.28,  No.7,  pp. 1383-1388. 

[9].  T.E.Svechnikova,  N.M. Maksimova,  H.Sussmann,  P. 
Reinshaus,  Investigation  of  Homogeneity  of  BizTei.s.^Seo.i.i 
Single  Crystals  Prepared  by  the  Czochralski  Teehnique,  Izv. 
Akad.  Nauk,  ser.  Neorg.  Mater..  1995,  v,31,  No.l,  pp. 23-31. 


Summary 

Single  crystals  of  BiiTer.s.'iSeo.i.'i  solid  solutions  with  various 
dopants  were  grown  by  the  Czochralski  technique.  The  etlec- 
tive  segregation  coefficients  for  Cu,  Cd,  In,  Ge,  S,  and  Se  are 
determined.  It  is  established  that  doping  of  the  solid  solutions 
with  specified  amounts  of  BirS?,  Ge,  and  Sb2Se3  causes  in¬ 
crease  in  figure  of  merit  of  the  material  in  the  temperature 
range  200  to  270  K  as  well  as  enhancement  of  its  mechanical 
strength.  The  conditions  of  growth  of  homogeneous  crystals  up 
to  35  mm  in  diameter  are  determined. 
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Application  of  a  Scanning  Thermo-Probe  Technique 
FOR  Homogeneity  Determination  of  BIo  sSBj  sTe^  Single  Crystals 
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The  dependence  of  the  axial  and  radial  homogeneity  of  single  crystals  grown  by 
CzocHRALSKi  technique  on  the  growth  conditions  by  means  of  a  local  thernio-probc 
technique  was  investigated. 


Single  crystals  based  on  solid  solutions  of  bismuth  and  antimony 
chalcogenides  grown  by  CzOCHRAI.SKI  technique  arc  used  for 
manufacturing  solid-state  thermoelectric  devices,  working  at 
temperatures  of  250.. 350  K.  Using  single  crystals  in  miniature 
thermocooling  devices  increases  the  output-rate  of  effective  devices, 
expands  the  range  of  achievable  temperatures  and  increases  the 
figure  of  merit  of  thermoelectric  cooling  compared  with  devices 
based  on  polycrystallinc  materials  11|.  Currently  p-  and  n-type 
crystals  of  solid  solutions  of  bismuth  and  antimony  chalcogenides 
are  grown  at  A.  A.  Baikov  Institute  of  Metallurgy  of  Russian 
Academy  of  Sciences  by  using  a  CZOCHRAL.SKI  method  with 
replenishment  of  the  liquid  phase  and  using  a  floating  crucible.  The 
diameter  of  the  grown  crystals  is  35  to  50  mm,  their  length  is  up  to 
100  mm  and  their  weight  is  about  1  kg.  The  use  of  an  automatic 
weight  gauge  allows  to  change  the  temperature  during  the  growth 
process.  In  this  way  an  accuracy  of  +  1  mm  of  the  diameter  of  the 
crystal  can  be  obtained.  Selenium  and  tellurium  doped  p-type 
crystals  of  BiojSbj^Te,  with  a  carrier  concentration  of  1.8  to 
8-10 cm^^  and  a  corresponding  Sccbeck  coefficient  of  260  to 
150  ftV/K  at  300  K  reach  optimum  thermoelectric  properties  in  the 
temperature  range  of  250  to  350  K.  One  of  the  main  tasks  is  to 
increase  the  homogeneity  of  crystals.  In  order  to  assess  the 
homogeneity  of  crystals  a  scanning  thermo-probe  technique  is  used 
to  measure  the  Seebeck  coefficient  along  the  crystal  axis  or  on  a 
cross  section  of  the  crystal.  The  Seebeck  coefficient  is  very 
sensitive  to  changes  of  the  carrier  concentration,  which  is  deter¬ 
mined  by  the  deviation  from  stoichiometric  composition  in  a  solid 
solution  of  Bi,i5Sb|  jTe,.  As  it  was  shown  in  [2|  for  equilibrium 
alloys,  a  change  in  the  content  of  tellurium  by  no  more  than  0,2 
at.%  causes  a  change  of  the  Seebeck  coefficient  by  about  100  pV/K 
(from  120  up  to  230  /rV/K),  i.e.  very  small  deviations  of  the 
content  of  tellurium  lead  to  a  significant  change  of  the  Seebeck 
coefficient.  During  the  growth  process  the  feeding  melt  contained 
a  surplus  of  tellurium  of  1  up  to  2.5  at.%.  The  composition  of  the 
melt  and  conditions  of  growth  were  determined  according  to  the 
aspired  carrier  concentration  (value  of  the  Seebeck  coefficient)  of 
a  crystal.  The  growth  velocity  was  0. 1  to  0.3  mm/min.  During  the 
growth  the  concentration  of  excess  tellurium  in  the  floating  crucible 
increased  and  when  it  exceeded  3  at.%,  the  growth  was  terminated, 
because  a  polycrystalline  structure  began  to  be  formed.  Thus  the 
lateral  surface  of  a  crystal  was  deformed  and  became  rough.  As  a 
rule,  the  Seebeck  coefficient  in  this  crystal  area  exceeds  210  ^rV/K 
at  room  temperature.  The  investigation  of  the  microstructure  shows 
the  presence  of  eutectic  lamellas  in  this  area. 

The  used  scanning  thermo-probe  method  had  been  developed  at  the 
department  of  Physics  of  Martin-Luther-Universitat,  Halle  (Germa¬ 
ny)  13|.  This  method  reaches  a  local  resolution  of  10  The 
accuracy  of  measurement  is  better  than  5  /rV/K.  Raster  scans  of 
samples  for  investigation  of  a  two-dimensional  distribution  of  the 
Seebeck  coefficient  arc  performed  automatically.  The  analysis  of 
homogeneity  of  BinsSb,  sTe,  single  crystals  doped  with  selenium, 
grown  at  various  technological  conditions, is  necessary  in  order  to 


find  the  optimal  growth  conditions  for  uniform  crystals.  The 
Seebeck  coefficient  along  the  axial  direction  of  ciystals,  grown  at 
various  growth  velocities  has  been  investigated.  It  was  found  that 
in  the  initial  area,  at  the  beginning  of  the  growth,  crystals  exhibit 
lower  values  of  the  Seebeck  coefficient.  After  the  begin  of  melt 
feeding  from  the  main  crucible  containing  surplus  tellurium  the 
carrier  concentration  of  the  growing  crystal  is  decreasing.  Simulta¬ 
neously  the  Seebeck  coefficient  is  increasing  because  of  decreasing 
deviation  of  the  crystal  composition  from  stoichiometry.  After 
reaching  a  constant  crystal  diameter  the  speed  of  growth  remains 
constant.  In  these  parts  of  crystals  with  a  diameter  of  40  mm  the 
variation  of  the  Seebeck  coefficient  along  150  mm  crystal  length  is 
lower  than  30  ...40  fiV/K.  The  macrohomogeneity  of  the  crystals 
can  be  improved  by  reducing  of  the  growth  velocity.  Crystals  with 
an  axial  variation  of  the  Seebeck  coefficient  of  lower  than  10  /xV/K 
over  a  length  of  100  mm  have  been  obtained  (fig.  1  curve  3). 


The  evaluation  of  the  distribution  of  the  Seebeck  coefficient  on 
sections  cut  from  various  crystal  areas  (at  the  start  of  growth  /  40 
mm  from  the  seed  /  at  the  end  of  the  crystal,  at  a  distance  of  80 
mm  from  the  seed)  has  shown  that  the  most  inhomogeneous  area  is 
that  of  the  start  of  growth;  at  2  to  5  mm  from  the  crystal  periphery 
the  Seebeck  coefficient  S  is  165..  170  /xV/K,  then  follows  a  region 
with  higher  S  (180..  190  /xV/K).  In  the  central  area  S=  165. .170 
/xV/K  is  found.  From  the  growth  with  constant  diameter  the 
distribution  of  the  Seebeck  coefficient  over  the  cross  section 
becomes  more  uniform.  However,  the  outer  areas  of  the  crystal 
have  lower  S  values  in  comparison  with  the  central  part.  Towards 
the  end  of  a  crystal,  when  polycrystalline  structure  is  formed,  a 
significant  spread  of  the  Seebeck  coefficient  values  is  observed 
(6S=20  fiV/K).  The  occurrence  of  crystal  areas  with  a  lowered 
Seebeck  coefficient  is  obviously  linked  to  the  presence  of  antistruc- 
tural  defects  according  to  the  deviation  from  the  stoichiometric 
composition  of  the  solid  solution  towards  surplus  Bi  and  Sb  atoms. 
During  the  growth  of  a  crystal  with  constant  diameter,  tellurium  is 
evaporated  from  the  free  surface  of  the  melt  in  the  floating 
crucible.  This  is  compensated  by  feeding  of  melt  from  the  main 
crucible.  Therefore,  the  peripheral  areas  of  the  crystals  have  a 
lower  Seebeck  coefficient  than  the  central  area.  The  influence  of 
the  rotational  frequency  of  crucible  and  seed  on  the  homogeneity 
state  of  the  crystals  was  investigated.  A  consideration  of  the 
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properties  was  carried  out  on  slices  of  10  nim  thickness  parallel  to 
the  cross  section.  Plates  cut  from  the  ends  of  a  crystal  with  40  mm 
in  diameter,  where  the  strongest  inhomogeneity  occurs,  possessed 
uniform  values  of  the  Seebeck  coefficient  of  220 ±5  fiV IK. 

The  influence  of  the  rotational  frequency  of  the  crucible  was 
investigated  on  crystals,  grown  at  a  crucible  rotation /;,=  15,  10,  5 
min-'  and  a  seed  rotation /s=30  min  '.  The  studies  have  shown  that 
due  to  a  reduction  of  the  crucible  rotation  down  to  5  min  '  the 
difference  between  the  minimum  and  maximum  values  of  the 
Seebeck  coefficient  5S  increases  by  a  factor  of  2.3;  from  10  up  to 
23  ixVIK. 

The  influence  of  the  seed  rotation  on  the  distribution  of  the  Seebeck 
coefficient  was  studied  on  crystals  grown  at  a  seed  rotation  of  40, 
30  and  20  min  '  (crucible  rotation  of  10  min ').  It  turned  out  that  an 
increase  of  the  seed  rotation  in  this  range  increases  homogeneity  of 
crystals  to  a  smaller  degree  than  a  change  of  crucible  rotation. 
5S=n  /iV/K  at/, =20  min';  5S=15  ixW/K  at/=40  min'. 


Fig.  3 


reduction  of  the  rotational  frequency  of  crucible  and  seed  reduces 
the  intermixing  of  the  melt.  As  a  result,  the  width  of  the  area  with 
lower  Seebeck  coefficient  increases  (Fig.  3).  The  uniformity  of 
crystals  of  this  solid  solution  of  various  diameters  (from  15  up  to 
47  mm)  grown  under  the  same  technological  conditions  (/=30 
min', /  =  10  min')  is  demonstrated  on  distribution  images  of  the 
Seebeck  coefficient  on  cross  sectional  planes. 
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Fig.  5 

For  example.  Fig.  4  and  5  show  the  distribution  of  the  Seebeck 
coefficient  of  the  overall  cross  section  of  crystals  with  a  diameter 
of  15  mm  (Fig.  4)  and  35  mm  (Fig.  5).  Fig.  6.. 8  demonstrate  the 
variation  of  the  Seebeck  coefficient  along  the  x-axis  through  the 
central  part  of  cross  sections  for  crystals  with  diameters  of  15  mm 
(Fig.  6),  35  mm  (Fig.  7)  and  40  mm  (Fig.  8).  The  most  inhomoge¬ 
neous  crystal  was  this  of  the  least  diameter,  because  the  width  of 
the  excess  tellurium  area  is  5  mm  here  (Fig.  4  and  6),  the  same  as 
for  the  crystal  with  a  diameter  of  47  mm.  For  the  crystal  of  35  mm 
in  diameter,  the  area  of  lowered  Seebeck  coefficient  was  1 .  .2  mm 
in  width  (Fig.  5  and  7).  The  most  uniform  distribution  of  the 
Seebeck  coefficient  was  obtained  for  the  40  mm  thick  crystal 
(Fig.  8). 

Conclusion 


In  Fig.  2  and  3  isometric  distribution  images  of  the  Seebeck 
coefficient  over  sections  of  crystals  grown  at  the  following  condi¬ 
tions  are  adduced;  /=30  min"',  /  =  10  min'  (Fig.  2)  and/  — 15 
min  ',/=6  min'  (Fig.  3). 

It  is  visible  that  at  low  rotational  frequency  of  crucible  and  seed  an 
area  of  lowered  Seebeck  coefficient  of  3  to  7  mm  in  width  is 
observed  whereas  for  other  crystals  this  area  does  not  exceed  1-2 
mm.  The  occurrence  of  areas  with  a  lower  Seebeck  coefficient  near 
the  periphery  of  the  crystal  mentioned  above  can  be  explained  by 
the  evaporation  of  tellurium  from  the  free  surface  of  the  melt.  A 


Axial  and  radial  homogeneity  of  crystals  on  the  basis  of 
Bio  sSb,  jTej  grown  by  Czochralski  technique  with  feeding  of  the 
liquid  phase  has  been  investigated  by  means  of  a  scanning  thermo¬ 
probe  technique.  The  study  of  axial  homogeneity  showed  that 
during  the  growth  the  degree  of  deviation  from  the  stoichiometric 
composition  decreases,  which  results  in  an  increase  of  the  Seebeck 
coefficient  towards  the  end  of  the  crystal.  A  decrease  in  axial 
inhomogeneity  was  reached  by  gradual  reduction  of  the  growth 
velocity.  The  heaviest  radial  inhomogeneity  was  found  in  the  start 
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area  of  the  growth  and  at  the  end,  where  a  polycrystalline  structure 
is  formed  and  eutectic  precipitations  on  the  basis  of  tellurium  appear 
at  the  basis  planes.  Reduction  of  radial  inhomogeneity  of  the 
crystals  is  possible  by  an  increase  of  rotation  frequency  of  the 
crucible  to  6  up  to  15  min  '.  The  change  of  the  frequency  of  seed 
rotation  from  20  to  40  min  '  has  an  effect  on  homogeneity  of 
ciystals  to  a  smaller  extent.  Homogeneity  investigation  of  crystals 
of  different  diameter  (from  15  up  to  47  mm)  grown  under  equal 
conditions  has  shown  that  the  most  uniform  distribution  of  the 
Seebeck  coefficient  is  reached  for  a  crystal  with  40  mm  in  diameter, 
the  least  for  a  crystal  of  15  mm  in  diameter. 
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A  SIMPLIFIED  THEORY  OF  PHONON  BOUNDARY  SCATTERING  IN  SOLID  SOLUTIONS 

H.  J.Ooldsmid,  II.B.Lyon  Jr.,  E.JI.  Volckmann 
Marlow  Industries  Inc. 

10451  Vista  Piirk  Road,  Dallas,  TX  75238-1645 

The  conditions  for  high  temperature  boundai7  scattenng  tire  determined  in  the  general  case  and  applied  to  predict  the  thermal  conductivity 
of  the  BiSb  system  and  incidentally,  to  the  BiTc  alloy  system  as  well.  Essentially  what  happens  is  that  strong  scattering  of  the  high 
frequency  phonons  by  the  point  defects  occurs  in  the  solid  solution,  leaving  most  of  the  heat  to  be  carried  by  the  low  frequency  phonons 
that  have  veiy  long  free  path  lengths.  The  phonons  are,  thus,  much  more  susceptible  to  boundary  scattering. 


Introduction 

It  has  recently  been  reported'  tliat  the  thermal  conductivity  of 
BiggSb,2  produced  by  the  sintering  of  fine  particles  is  much  less 
than  that  of  a  single  crystal.  The  autliors  attiibutc  this  to  phonon 
scattering  at  the  grain  boiuidarics.  Such  scattering  at  relatively 
high  temperatures  is  known  to  occur  in  Si-Gc  alloys  but  has  not 
really  been  established  for  any  other  substances  although,  of 
course,  boundary  scattering  at  low  temperatures  is  a  well  known 
phenomenon. 

The  theoretical  basis  for  high  temperature  boundary  scattenng  was 
first  established  by  Goldsmid  and  Pennl  It  was  shown  that  such 
scattering  would  be  much  more  pronounced  in  a  solid  solution 
than  in  a  pure  crystal.  This  is  in  spite  of  the  fact  that  the  mean  free 
path  of  the  phonons  is  less  in  a  solid  solution  than  in  a  pure 
element  or  compound.  Essentially  what  occurs  is  the  strong 
scattering  of  the  high  frequency  phonons  by  the  point  defects  in  the 
solid  solution,  leaving  most  of  the  heat  to  be  earned  by  the  low 
frequency  phonons  that  have  very  long  free  path  lengths.  Therefore 
these  phonons  are  much  more  susceptible  to  boundary  scattering 

In  order  for  high  temperature  boundary  scattering  to  take  place  at 
a  relatively  large  grain  size,  it  is  desirable  that  the  mean  free  path 
length  for  the  phonons  should  be  rather  large  in  the  absence  of 
point  defect  scattering  and  that  the  reduction  of  thermal 
conductivity  through  point  defect  scattering  should  be  substantial. 
These  conditions  are  met  in  the  Si-Ge  sj^stem.  Here  we  shall 
endeavor  to  determine  the  conditions  for  high  temperature 
boundary  scattering  in.  the  general  case  and  then  apply  our 
predictions  to  the  Bi-Sb  system  (and  incidentally,  to  the  BijTe, 
alloy  system  as  well) 

Theoretical  Principles 

Any  precise  calculation  of  the  effect  of  boundary  scattering  would 
require  considerable  computation  using  a  large  number  of 
parameters  that  would  have  to  be  determined  separately  for  each 
material.  Often,  the  detailed  knowledge  of  the  phonon  spectrum 
and  the  phonon  scattering  mechanisms  would  not  exist.  Hov/cver, 
by  making  a  number  of  simplifying  assumptions,  an  approximate 
theory  may  be  developed  and  this  should  be  adequate  for 
predicting  the  order  of  magnitude  of  the  maximum  grain  size  for 
boundary  scattering  to  be  significant.  Moreover,  as  we  shall  show, 
this  approximate  theory  leads  to  simple  predictions  that  can  readily 
be  applied  to  all  solid  solutions. 

The  simple  theory  is  based  on  the  Debye  model  for  the  phonon 
spectrum  and  the  specific  heat.  It  is  supposed  that  there  are  just 
three  mechanisms  for  the  phonon  scattering  which  depend  on  the 
(angular)  frequency  «  in  the  following  way; 
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Umklapp  Scattering' 

Gj' 

A 

Point  Defect  Scattering  x  -  — £ 

^  Gr 

Boundary  Scattering  -  — 


Equation  (1) 

where  t  is  the  relaxation  time  (time  between  collisions)  and  /!„  and 
Ap  are  constants  and  for  any  particular  solid  solution.  L  is 
the  grain  size  and  v  is  the  speed  of  sound.  We  also  note  that  the 
contribution  to  the  specific  heat  from  the  phonons  with  frequencies 
00  to  0)  -l-dco  is  proportional  to'  (o'^dco  up  to  the  Debye  frequency 
limit  cOn. 

Because  the  dependencies  upon  frequency  of  the  three  forms  of 
scattenng  are  quite  different,  it  is  a  good  approximation  to  suppose 
that  only  one  mechanism  be  considered  at  a  particular  frequency. 
This  being  so  the  contribution  A,(w)du  to  the  thermal  conductivity 
X  from  the  various  frequencies  may  be  represented  as  in  figure  1 . 


1(0) 


Figure  1 


liquation  (5) 

Wc  SCO,  then,  that  ,1  „  can  bo  replaced  by  XJ  Cv^ .  Also  we 
determine  that  the  frequency  Wj  as  being  that  for  which  t,,  t„  ,  so 
that: 
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We  then  find  that  the  thermal  conductivity  of  the  fine  grained  solid 
solution  is  given  by: 


30)r, 


=  A. 


2  «i  , 

'i  ^ 

3  Ci)„ 


Equation  (11) 
or 


I 

\|  3  Z, 


Equation  (12) 

This  equation  shows  clearly  that  the  reduction  of  the  thermal 
conductivity  (X,  -  X)  depends  on  the  ratio  of  the  mean  free  path  T 
in 'the  virtual  crystal  to  the  grain  size  L,  but,  because  of  the  square 
root  function,  the  second  term  on  the  right  hand  side  of  the 
equation  (12)  can  become  significant  even  if  L  is  much  greater 
than  I.  Also,  this  tenn  is  the  more  significant  as  X,  becomes 
smaller,  that  is  the  stronger  the  point  defect  scattering. 

Finally,  we  can  estimate  the  value  of  T  from  the  thermal 
conductivity  X„  using  the  expressions  for  the  Debye  theory  for  the 
speed  of  sound  v  and  the  specific  heat  C.  We  have  v  =  2  kg  a 
/  h  where  k,,  is  the  Boltzmann  constant,  a’  is  the  mean  atomic  or 
molecular  volume,  ©^  is  the  Debye  temperature  and  h  is  the 
Planck  constant.  Also,  C  =  3  kg  /  ah  Then,  if  ©„  is  expressed  in 
degrees  Kelvin  and  a  is  in  meters,  we  find: 

,,  ©r, 

C  V  =  1.72  X  10 


Equation  (13) 
and 


Cv 


1.74  X  10‘^ 


Equation  (14) 

Also,  a’  =  ZJc,  whae  Z  is  the  atomic  weight,  <;  is  the  density  and 

is  Avogadro’s  number. 

AppMcation  to  Si-Ge 

We  may  test  the  validity  of  this  simplified  theory  for  the  case  of  Si- 
Ge  alloys.  Sawides  and  Goldsmid^  found  that  the  thermal 
conductivity  of  Si^gGcjo  at  300  K  fell  from  8.2  W/m  K  to  4.3  W/m 
K  when  the  grain  size  was  reduced  to  2  pm.  Si  and  Ge  have, 
respectively,  Debye  temperatures  of  640  K  and  370  K  and  lattice 


thermal  conductivities  of  1 24  W/mK  and  64  W/mK,  Furthermore, 
the  atomic  weights  ai'e  28  and  72  and  the  densities  are  2.33  X  10’ 
Kg/m’  and  5.35  X  10’  Kg/m’  respectively.  If,  then,  we  interpolate 
for  the  alloy,  we  find  /Iq=  106  W/m  K,  =  559  K  and  Z/c,  =  12.5 
X  10  ’  Kg/m’  Putting  =  6.02  X  10“  mols/Kg  atom,  a  =  2.75 
X  1 0'‘“  m.  The  mean  If ec  path  in  the  virtual  crystal  turns  out  to  be 
2.5  X10-*m. 

If  we  use  equation  (12)  to  predict  the  thermal  conductivity  of 
SpoGCjo  with  a  grain  size  of  2  pm.,  taking!,  to  be  8.2  W/m  K,  we 
find : 


A  =8,2  -  4,6  =  3,6  -t— 
mK 


Equation  (15) 

This  is  in  remarkably  good  agreement  with  the  observed  effect 
which,  itself,  is  consistent  with  the  predictions  of  the  more 
rigorous  theory. 


Applications  to  BiSb 

Having  ascertained  that  the  effect  for  Si-Ge  is  in  reasonable 
agreement  with  our  simple  theory,  we  now  turn  to  Bigg  Sb,2,  the 
composition  studied  by  Suse  et  al.  Since  the  alloy  lies  close  to  the 
Bi  end  of  the  range,  we  may  use  without  much  error,  values 
corresponding  to  Bi  for  the  virtual  crystal.  From  the  work  of  Uher 
and  Goldsmid  ’  !„  =  9.8  W/mK  at  1 55  K  and  19.1  W/m  K  at  80  K. 
The  recent  work  of  Lenoir’  gives  a  value  of  !,  =  3.0  W/m  K 
observed  at  80  K.  Measured  without  magnetic  field.  All  these 
measurements  refer  to  the  heat  flow  in  the  binary  direction  and  we 
take  into  no  account  the  anisotropy  of  Bi  or  its  alloys  here. 

First  we  have  to  estimate  the  thermal  conductivity  of  a  large  crystal 
of  the  alloy  at  1 5  5  K  This  we  do  by  making  use  of  Matthiessen ’s 
rule,  whereby  we  may  treat  the  resistivity  due  to  point  defect 
scattering  and  umklapp  scattering  as  additive.  We  also  take  the 
point  defect  component  to  be  independent  of  temperatui'e.  Thence, 
we  find  that  at  1 55  K  !.  =  2.6  W/m  K  . 

Taking  the  values  for  Bi  of  the  density  equal  to  9.80  X  1 0’  Kg/m’ 
and  the  atomic  weight  of  209,  we  obtain  Z/q  =  21 ,3  X  10’ m’  Kg 
and ,  a’  =  35.4  X  10  ’“  m’,  with  a  then  being  3.3  X  10'“  m.  Using 
a  Debye  temperature  of  1 1 8  K  we  find  the  mean  Iree  path  in  Bi  to 
be  1.57  X  10  -^  m. 

Using  equation  (12), 


A  =2.6 


0.523  X  10^8  ^ 
\  L  mK 


Equation  (16) 

According  to  Suse  et  ah,  their  materials  were  made  from  particles 
of  “  1  to  5  pm  in  diam.eteP’ .  If  we  substitute  L  =  1  pm.  We  obtain 
X  =  (2.6  -  0.47)  W/m  K.  This  is  certainly  a  significant  reduction  in 
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the  thermal  conductivity  (it  amounts  to  about  1 8%)  but  it  is  not 
nearly  so  great  as  th.at  claimed  by  Suse  and  his  colleagues  wliich 
they  stated  was  two  thirds  of  that  of  the  single  ciystsl  Actually, 
Siise’s  thermal  conductivity  of  1 .2  W/m  K  is  not  quite  as  small  as 
one-third  of  2.6  W/ni  K  but  it  is  still  much  smaller  than  tlie  theory 
would  predict. 

Perhaps  the  effective  gi-ain  si.ze  in  Suse’s  material  is  smaller  than 
the  stated  1  to  5  prn.  l  .et  us  consider,  then,  what  value  of  grain 
size  L  might  be  needed  for,  say,  a  50%  reduction  in  the  thermal 
conductivity.  Again  asing  equation  (12),  we  find  that  L  would  have 
to  be  0. 1 3  pm.  In  otlier  words,  it  would  seem  to  be  quite  possible 
to  obtain  really  large  reductions  in  the  themial  conductivity  of  Bi- 
Sb  if  the  effective  gr'ain  sfee  could  be  reduced  to  a  fraction  of  a 
micrometer. 

BIsiMHfli  TeStersde  Altoya 

Boikov  et  al.^  Reported  a  boundary  scattering  effect  for  phonons 
in  Bij  jSbi  jTcj  in  thin  film  fonn.  Let  us  sec,  then,  what  sort  of 
grain  size  might  be  needed  for  a  worthwhile  reduction  in  thermal 
conductivity  in  this  material. 

Here  we  arc  interested  in  applications  at  room  Itanperatui'e  or  not 
much  lower.  The  thermal  conductivity  of  phonons  in  BijTe,  at 
room  te3.TiperatU!e  is  1 .5  W/m  K  and  this  is  reduced  by  about  20% 
in  BijTe,  -  Sb^Te,  solid  solutions.  T  he  molecular  weight  of  Bi^Te., 
is  801  and  its  density  is  7.86  X  10’  Kg/rrr  giving  Z/i;  =  lOi  .9  X 
10  ’  m’/  Kg  and  ,  a  =  5.5  X  lO'”  m.  Using  a  Debye  temperatui'e 
of  155  X,  wc  find  a  phonon  mean  free  path  of  0.51  X  10  m. 
Substituting  in  equation  (12), 


the  order  of  20%)  reduction  in  the  Ihcmiai  coiiduolivitv  of  Bi-Sb 
alloys  for  a  grain  size  of  about  1  inn.  Ths-ough  iltc  eSccts  reported 
by  Si’sc  el  ai.  wwuld  probably  need  a  grain,  si/.c  at  iciKsi  an  order  of 
magnitude  smaller  than  this.  There  seems  little  iirospcot  of  using 
the  effect  to  advantage  for  the  FiuTe,  sy.siem  of  alloys. 
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Equation  (17) 

Here  we  see  that  to  prod.’ace,  say,  a  1 0%  reduction  in  the  lattice 
thermal  conductivity  we  need. 


om 


Equation  (18) 

which  leads  to  a  grain  size  of  1.  of  i  1.8  X  lO'**  in.  Thus,  even  if  trie 
grain  size  is  reduced  to  only  one -tenth  of  a  micrometer,  the 
resultant  eJlect  on  tfie  tlieraial  conductivity  is  rather  small  It 
would,  therefore,  seem  to  be  ratlrer  difficult  to  .make  u.se  the 
boundary  scattering  effect  to  improve  tire  figure  of  merit  in  the 
BLTejSystem. 


CffiHClsJSlotl® 

The  theory'  presented  here  makes  it  a  simple  matter  to  predict  tire 
effect  of  boyridfiry  scsttesiag  on  the  tliermal  coiiductivivY  cf  fitre 
grained  solid  solutions.  Hte  results  agree  well  with  experiment  for 
Si-Ge  alloys  and  this  gives  us  cxrnfidence  in  applying  the  tliscry  to 
ofoer  systems.  It  would  seem  that  fltere  would  be  as  siguracant  (on 
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THERMOELECTRIC  PROPERTIES  OF  SOLID  SOLUTIONS  BASED  ON  BijTej 

AT  300  K 

Kutasov  V.A,,  Luk'yanova  L.N. 

A.F.  Ioffe  Physical-Technical  Institute  ofRAS,  St.  Petersburg,  194021,  Russia. 
Thermoelectric  properties  of  the  many-components  of  n-type  solid  solutions  based  on 
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bismuth  telluride  were  studied  at  300  K.  Dependences  of  (m*/m)  po  expression  and 
thermoconductivity  of  the  crystal  lattice  (k,),  that  calculated  from  experimental  data  on 
electroconductivity  (a),  thermoelectric  power  (a)  and  thermoconductivity  (k),  defining  the 
figure  of  merit  Z  were  considered. 


The  most  well-known  solid  solutions  of  n-type  based 
on  bismuth  telluride  (BijTCj.^SeJ  have  been  used  in  energy 
converters  intended  for  different  purposes.  Moreover  some 
references  have  been  published  about  more  complicated 
compositions  of  solid  solutions  which  is  formed  by 
substitution  atoms  in  anion  and  cation  sublattice  of  bismuth 
telluride  [1-3].  These  compositions  have  a  high  value  of  figure 
of  merit  at  300  K  [1,2]  and  also  in  the  range  of  less 
temperatures  [3].  As  a  rule,  it  is  not  discussed  peculiarities  of 
thermoelectric  properties  of  these  many-components  solid 
solutions  for  more  wide  range  of  compositions  than  considered 
materials. 

In  the  present  investigation  many-components  of  n- 
type  solid  solutions  based  on  bismuth  telluride  were  studied  on 
the  range  of  existence  of  these  solid  solutions  [4-6].  The  next 
system  of  solid  solutions  were  studied:  Bi2Te3.x.ySexSy  (x  =  y 
and  X  =  2y,  0  <  x+y  <  0.9),  Bi2.zSb^Te3.,t.ySe,  Sy  (  x  =  y,  x  =  2y, 
0  <  x+y  ^  0.9,  0  <  z  <  0.6),  and  also  two  solid  solutions 
without  selenium  Bi2.jSb2Te3.ySy  (0  <  y  <  0.3,  z  <  0.2)  and 
Bi2Te3.ySy(0<y<0.3). 

Ingots  of  the  solid  solutions  were  grown  by  directed 
crystallization  method  in  the  conditions  excluding  a 
concentration  overcooling  [7].  A  rate  of  crystallization  v/as  no 
more  than  0.5  mm/min,  the  temperature  gradient  on  the  front 
of  crystallization  was  about  200  K/cm.  Cleavage  plane  in  the 
samples  provided  a  possibility  of  cutting  single  crystals  by 
electroerosian  method  for  studying  anisotropy  of 
thermoelectric  properties.  But  majority  measurements  of 
electroconductivity,  thermoco^ductivity  and  thermoelectric 
power  were  made  on  cylindrical  samples  with  diameter  8  -r 
10mm  and  length  1  =  10  12mm.  Thermal  flow  and  electrical 

current  were  oriented  along  cleavage  planes.  All 
measurements  were  made  at  the  room  temperature.  The  figure 
of  merit  Z  for  thermoelectric  materials  is  given  by  expression: 


K 

The  expression  for  Z  without  account  of  the  electron 
part  of  thermoconductivity  may  be  also  given  in  another  form: 

Z  «  ^  (2) 

K, 


where  m*  -  density  of  states  effective  mass,  po  -  charge  carrier 
mobility  with  account  of  degeneracy  of  electron  gas,  m  -  mass 
of  free  electron. 

The  expression  (2)  connects  the  figure  of  merit  Z  with 
values,  which  are  defined  by  scattering  of  electrons  and 
phonons,  and  also  peculiarities  of  the  band  structure  of  the 
material. 

The  value  of  (m*/m)^^^  Po  be  calculated  from 
experimental  a  and  a  using  some  assumption  about  scattering 
mechanism  of  charge  carriers.  It  is  supposed  in  many 
published  data,  that  acoustic  scattering  mechanism  of  charge 
carriers  is  main.  The  value  of  scattering  parameter  for  acoustic 
mechanism  is  equal  to  r  =  -0.5  (r-the  index  of  a  power  in  the 
dependence  of  relaxation  time  t  on  energy:  t  =  Tq  E ' ).  A  value 
of  r  =  -0.5  may  be  used  for  qualitative  estimations.  In  this  case 
influence  of  impurity  scattering  and  interband  scattering  is 
neglected.  And  for  more  detailed  analysis  of  the  thermoelectric 
properties  is  required  to  use  the  effective  scattering  parameter 
r^f  [8].  The  value  of  (m*/m)^^^  Po  may  be  obtained  from  the 
expressions  [9]: 


4(2trm*koT)^^^F3,2(tl) 

-Jn 


(3) 


kp  (2r-b5)Fj^3^2('n) 

e(2r-t-3)Fj^,/j(Ti) 


a  =  enfi 


(5) 


where  n  -  charge  carrier  concentration,  F,  (r|)  is  the  Fermi 
function: 


I'r('n)  =  lx''[exp(x-r|) -Fl]  ‘dx 


Then  the  experimental  dependence  of  a  =  f  (a)  in  the 
impurity  of  charge  carriers  is  considered  (Fig.l).  The  value  of 
a  for  a  =  const  is  decreased  with  growth  of  atoms 
concentrations  of  the  second  component  at  all  values  of  x,y,z 
and  the  parameter  (m*/m)^^^Po  is  also  decreased  with  growth  of 
x,y,z  (Fig.2). 

As  seen  from  Fig.2  the  most  strong  changes  of 
(m’''/m)^'^Po  on  composition  of  solid  solution  were  observed  in 
the  range  of  a  small  concentration  of  the  second  component. 
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The  same  analysis  was  also  made  for  another  solid  solutions. 
The  dependences  of  (m*/m)’^^|iQ  on  composition  of  the  solid 
solution  BijTej.j.ySe^Sy  are  shown  in  Fig.3. 

From  comparison  of  Fig.2  and  3  it  is  shown,  that  the 
addition  of  Sb  atoms  for  equal  values  of  x+y  leads  to 
decreasing  of  (m^/m/^^Po  parameter.  This  decreasing  may  be 
explained  as  a  change  of  the  effective  mass,  as  the  charge 
carrier  mobility. 


Fig.l  Dependence  of  the  thermoelectric  power  on 
electroconductivity  in  solid  solutions  Bij.^Sb^Tej.x.ySejSy. 

N1  -  X  =  y  =  0.15;  N2  -  X  =  y  =  0.3;  N3  -  x  =  y  =  0.45;  N4  -  z  = 
0.4,  X  =  y  =  0.3;  N5  -  z  =  0.6,  x  =  y  =  0.45. 


Fig.2  Dependence  of  (m*/m/^P(,  parameter  on  composition  of 
Bi2-zSbzTe3.„.ySejSy  solid  solutions. 

N1  -(Bi^Tej),.,  -  (SbjSe,),  ;  N2  -  (Bije,),.,.^  -  (Sb^Sej),  - 
(Sb2S3)y  for  X  =  2y;  N3  -  (Bi2Te3)i.x.y  -  (Sb2Se3X  -  (Sb2S3)y  for 
X  =  y;  N4  -  (Bi2Te3),,y  -  (Sb2S3)y. 


From  analysis  of  the  dependence  (m*/m)^^^Po 
parameter  on  concentration  of  the  second  component  in  the 
solid  solution  Bi2Te3.„Se,,  it  was  shown,  that  a  change  of 
(m*/m)’^^Po  value  is  proportional  to  m*  ''  in  the  range  of  a 
small  concentration  of  x  <  0.3  [10],  This  assumption  is 
confirmed  by  data  of  Bergman  [11]  which  calculated  the  value 
of  the  effective  mass  m*  in  a  single  crystal  of  Bi2Te3.,jSe„  from 
the  measurements  of  galvanomagnetic  coefficients.  However 
for  further  increasing  of  x  the  value  of  m*  changes  slightly 
(from  0.59  at  X  =  0.3  to  0.61  at  x  =  0.9).  This  result  does  not 
permit  to  explain  decreasing  of  (m*/m)^^^Po  parameter  with 
changing  of  m*  only.  In  this  range  of  changing  x  value  it  is 
necessary  to  account  the  influence  of  a  scattering  charge 
carrier  by  atoms  of  the  second  components  (Se  atoms). 


mo  l.%  AjBj 

Fig.3  Dependence  of  (m*/m)^^^Po  parameter  on  composition  of 
Bt2Te3.x.ySe,;Sy  solid  solutions. 

N1 -(Bi2Te3),.,  -  (Bi2Se3),  ;  N2  -  (Bi2  Te3),.,.y  -  (812863),  - 
(Bij  S3)y  for  X  =  2y;  N3  -  (Bi2  Te3),.,.y  -  (Bij  Se,),  -  (Bi2S3)y  for 
X  =  y;  N4  -  (Bi2Te3),.y  -  (Bi2S3)y. 

Thus  from  data  on  0(0)  dependence  it  is  concluded 
that  (rri*/m)^'^Po  parameter  is  continuously  decreased  with 
growth  of  x,y,z  for  all  considered  n-type  compositions  of  solid 
solutions  based  on  BijTe,.  For  more  values  of  x,y,z  the  change 
of  (m*/m)^^’po  are  slightly  in  comparing  with  compositions 
nearby  to  bismuth  telluride. 

The  solid  solutions  of  Bi2.,Sb,Te3.ySy  with  solubility 
of  BijS,  (or  Sb2S3)  no  more  than  10%  mol.(i.e.  x+y  <  0.3,  z  < 
0.2)  have  some  important  peculiarities.  As  seen  from  Fig.2  and 
3  in  these  materials  the  values  of  (m*/m)^'^^Po  are  increased  the 
most  sharp  in  comparing  with  all  another  composition  having 
as  unlimited  Bi2Se3,  as  limited  solubility  (70%  rnol.  SbjSe,  [6], 
30%  mol.  812863  +  81383  [4]). 

Investigation  of  thermoconductivity  was  made  on  the 
same  compositions  of  solid  solutions  that  the  measurements  of 
electroeonductivity  and  thermoconductivity.  An  electron  part 
of  thermoconductivity  K|  was  calculated  with  account  of 
Wiedemann-Franz  low  for  scattering  parameter  r  =  -  0.5.  The 
value  of  thermoconductivity  of  the  crystal  lattice  K|  in  the 
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range  of  the  impurity  conductivity  was  calculated  as  a 
difference  between  a  whole  thermoconductivity  k  and  an 
electron  part  of  thermoconductivity  k^.  The  dependences  of  K] 
on  composition  of  solid  solution  are  shown  in  Fig.4,5  for  equal 
charge  cander  concentration. 


Fig.4  Dependence  of  the  thermoconductivit^/  of  the  crystal 
lattice  (K])  on  composition  of  Bi,Te3.j.ySexSy  solid  solutions. 

N1  -(BijTej),.,  -  (BijSej),  ;  N2  -  -  (Bi^Se,),  - 

(BijSs)^  for  X  =  2y;  N3  -  (Bi2Te3)|.j,y  -  (BijSes)^  -  (BijS,),/  for 
X  =  y;  N4  -  (BijTej);,^  -  (81283)^. 


growth  concentration  of  atoms  participating  in  formation  of 
solid  solution.  The  value  of  Kj  have  a  minimum  in  the  material 
which  does  not  contain  Sb  atoms  (Fig.4).  The  minimum  of  Ki 
is  explained  by  ordering  a  due  to  complete  replacement  of  Te^ 
to  Se  atoms  in  five-layer  packet  Te'  -  Bi  -  Te^  -  Bi  -  Te'  in  the 
solid  solution  BijTej.jSe-x.  It  is  possible  that  in  Bi2Te3.^.ySexSy 
the  solid  solution  the  atoms  of  Se  and  S  substitute  T^  atoms. 

Nevertheless  appreciable  differences  in  the 
concentration  corresponding  to  minimum  of  tfie  dependence  K; 
on  composition  for  x  =  2y  and  x  =  y  were  not  observed.  The 
cuiwe  of  K,  for  x  =  y  places  low  then  curve  for  x  =  2y  in  all 
interval  of  changing  Se  and  S  concentrations  (Fig.4,  curves 
3.4). 

!n  Bij.2Sbj.Te3.,j.ySe,Sy  solid  solutions  is  not  observed 
the  whole  ordering  of  the  quintet  for  substitution  of  Sb  to  Bi 
atoms  in  tv/o  equivalent  layers  of  the  quintet.  Therefore  the 
minimum  of  k,  dependence  on  composition  of  the  solid 
solution  was  not  observed  (Fig. 5).  Thus  the  values  of 
(m*/m)'  'Pq  and  K|  are  decreased  nearby  Bi2Te3  with  grov/ft 
atom  concentrations  participating  in  formation  of  solid 
solution.  However  (m */m)^^''4io  value  changes  less  weakly  than 
Ki  value.  It  is  the  main  purpiose  of  growth  the  figure  of  merit  Z 
at  300  K  in  th.ese  materials. 

In  the  range  of  low  charge  carrier  concentration  some 
contribution  to  .Z  value  may  be  also  connected  the  charge 
cairier  of  another  sign  which  disappeai's  with  growth  of  the 
energy  gap  Eg  in  dependence  on  composition  of  the  solid 
solution  [12].  The  value  of  2i  have  a  maximum  in  B^Teg.^Se,. 
at  X  =  0.3,  for  further  increasing  of  x  the  value  of  Z  is 
decreased. 
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Fig. 5  Dependence  of  the  thermocondiictivity  of  the  crystal 
lattice  (Kj)  on  composition  of  Bi2.3.SbjTe3.j,ySs,,S„  solid 
solutions. 

N1  -(BijTej),.,  -  (SbjSe;),  ;  N2  -  (BijTe, -  (Sb^Se,),  - 
(Sb2S3),.  for  X  =  2y;  N3  -■  (Bi2Te3)i.,„,.y  -  (Sb2Se3)x  -  (Sb2S3)y  for 
X  =  y;  N4  -  (BijTes),.^  -  (SbjSj'jy. 

As  seen  ftom  Fig.4,5  for  less  values  of  x,y,z  (x  <  0.3; 
x+y  S  0.3;  x+y  <  0,3,  z  <  0.3)  k,  value  is  increased  with 
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Fig.6  Dependence  of 
Bi2Teq.^_,ySa^_S^,,  solid 
Nl-Bi2Ts3.,Ss,;  N2 


the  figure  of  srserit  (Z)  on  composition  of 
soiution.s. 

4Bi2Te3.,.ySe,Sy;N3-Bi2Te3.ySy. 


The  dependence  of  Z  value  on  composition  in  another 
n-type  solid  solutions  based  on  BiiTej  look  likes  as 
The  value  of  Z„„«  ==  (3  -r  3.1)  10  K  at  300  K 
are  aciiieved  for  different  cojicents'atioAns  of  the  .second 
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component:  at  y  =  0.06  ^  0. 1  in  Bi2Te3.ySj„  at  x+y  =  0.24  in 
BijTej.x.ySe^Sy  (Fig.6).  Analogous  dependence  of  the  figure  of 
merit  Z  on  composition  is  observed  in  another  solid  solutions 
and  also  in  Bij.^Sb^Tej.^.ySexSy.  From  near  arrangement  of  the 
curves  Z(x,x+y,z)  the  dependences  of  Z  on  composition  for 
these  solid  solutions  were  not  given. 

As  it  is  mentioned,  the  solid  solution  of  Bi2Te3.xSex  is 
the  most  well-known  material  for  manufacturing  of  the 
different  cooling  devices  in  the  range  of  temperature  near  the 
room  temperature.  However  for  another  temperatures  (for  low 
and  also  high  temperatures)  the  thermoelectric  properties  of 
materials  considered  in  this  investigation  may  be  more 
effective. 
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COMPOSITION  DEPENDENCE  ON  THERMOELECTRIC  PROPERTIES  OF  UNDOPED  POLY¬ 
CRYSTAL  (BiJe3),^(SbjTe3)^  PREPARED  BY  PIES  METHOD 

T.  Ohta‘,  A.  Yamamoto',  T.  Tanaka',  T.  FujimakP  and  K.  Kamisako^ 

'Electrotechnical  Laboratory,  AIST,  MlTl.  Tsukuba,  305,  Japan 
^Tokyo  Utiiversity  of  Agriculture  and  Technology,  Tokyo,  184,  Japan 

The  PIES  method  (Pulverized  and  Iiitennixed  Elements  Sintering  method)  is  a  new  preparation  tecimique  for  bismuth  telluride  based 
materials  and  so  on.  It  has  a  number  of  advantages  over  the  melt  technique.  The  room  temperature  figure  of  merit  of  PIES  sample  of 
undoped  (BijTej)^  ^  (Sb^Te^Igg  was  similar-  to  that  of  the  best  single  crystal  sample.  As  for  tire  composition  dependence  on  thermoelec¬ 
tric  properties  of  undoped  (Bi^Tej),  ^  (Sb^Tej)^  PIES  materials,  tire  room  temperature  properties  and  tire  temperature  dependenee  of 
them  changed  systematically  as  y  value  changed.  At  a  temperature  from  300  to  440  K  the  power  factor  exliibited  the  maximum  values 
when  y=0.875.  The  oxygen  in  PIES  materials  which  acted  as  donor  affected  the  tliermoelectric  properties  of  the  PIES  materials. 


Introduction 

Bismuth  telluride  based  alloys  are  the  most  widely  used 
thermoelectric  materials,  especially  in  commercial  thermoelectric 
refrigeration.  However,  in  previous  studies  bismuth  telluride 
based  alloys  have  been  exclusively  prepared  by  the  conventional 
melt  technique  followed  occasionally  by  the  conventional 
sintering  technique[l  ,23,4]. 

The  PIES  metliod  (Pulverized  and  Iiitennixed  Elements 
Sintering  method)  has  been  investigated  as  a  new  preparation 
technique  not  only  for  bismuth  telluride  based  alloys[5,6,7]  but  for 
silicon-germanium  based  alloys[8],  rare  earth  sulfides[9]  and  so 
on.  It  has  a  number  of  advantages  over  the  conventional  tecimique, 
for  example,  low  energy  inventory  for  preparation,  low  cost  and 
short  processing  period,  a  potential  for  reducing  grain  size  wliich 
favors  a  reduction  in  tlie  tliennal  conductivity  and  an  enliancement 
in  the  mechanical  strength. 

The  thermoelectric  figure  of  merit  of  bismuth  telluride 
based  PIES  material  was  2.75  x  10  ’K  '  wliich  is  near  those  of  the 
best  single  crystal  materials  of  up  to  2.9  x  lO'^K  '[10].  The 
properties  of  bisniutli  telluride  based  alloys  prepared  by  the  PIES 
method,  however,  are  quite  different  from  tlie  conventional  alloys 
prepared  by  the  conventional  method,  detailed  investigation  of 
thermoelectric  properties  of  the  PIES  materials  are  necessary  in 
order  to  make  sure  the  iierfoniiance  limit  of  the  PIES  materials. 
Hence  the  purpose  of  this  study  is  to  clarify  the  composition 
dependence  of  the  thermoelectric  properties  of  p-type  (Bi,Tej)|  ^ 
(SbjTej)^  PIES  materials  as  a  part  of  die  detailed  saidy  of  die  PIES 
materials. 

Experimental 

Sample  specimens  of  undoped  (Bi^Te^),  ^  (SbjTej)^  were  prepared 
by  PIES  method  which  includes  the  pulverizing  process  of 
stoichiometric  amount  of  elemental  bismuth,  antimony  and 


tellurium  by  liigli  energy  ball  milling  and  die  sintering  process[5]. 
The  high  energy  ball  milling  process  was  occasionally 
accomplished  in  an  atmosphere  of  hydrogen.  In  this  study  hot 
pressing  method  were  chosen  as  a  sintering  procedure.  Hot 
pressing  conditions  were  753  K,  400  kgf/cm^  for  one  hour.  Typical 
size  of  the  specimens  was  10  nun  ji  x  1.5  mm  thickness  and  die 
density  values  measured  by  the  Archimedes'  principle  were  more 
than  95  %  of  the  ideal  value.  The  preparation  procedure  and  the 
conditions  are  shown  in  Figure  1. 

Scanning  Electron  Microscopy-Electron  Probe  Micro 
Analyses  and  X-ray  diffractomeU-y  were  perfoniied  for  examining 
morphology  and  composition  of  die  specimens.  Oxygen  content 
was  determined  by  die  Non-Dispersive  Infrared  Spectrometory. 
The  Seebeck  coefficients  were  calculated  from  measurements  of 


Figure  1.  Preparation  procedure  and  conditions  of  PIES 
method. 
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the  electromotive  forces  with  temperature  difference  of  ten 
Kelvin,  The  electrical  resistivity  and  the  Hall  effects 
measurements  were  perfonned  by  van  der  Pauw  method.  All 
measurements  were  performed  from  300K  to  about  500K,  except 
for  tile  Hall  effect  measurement  which  was  performed  at  300K. 

Results  and  Discussion 

Thennoelectric  Properties.  Figure  2  shows  the  composition 
dependence  of  carrier  concentration  for  the  various  hot  pressed 
samples  at  room  temperature.  The  solid  line  indicates  the 
composition  dependence  of  carrier  concentration  of  the  single 
crystal  samples[ll].  The  p-n  transition  was  observed  around 
y=0.7,  while  in  the  single  crystal  samples  it  was  not  observed 
whole  compositioii  range  indicated  in  the  figure.  As  composition  y 
increased  tlie  p-type  carrier  increased  monotonously. 

Figure  3  shows  the  composition  dependence  of  the  Seebeck 
coefficient  of  the  PIES  samples  at  room  temperature.  At  around 
y=0.7  the  bipolar  conduction  occurred  because  the  electron 
concentration  and  the  hole  concentration  were  almost  the  same 
values.  Thus  the  Seebeck  coefficient  values  were  small  at  this 
composition  range.  In  the  p-type  conducting  region  the  Seebeck 
coefficient  values  decreased  with  increasing  composition  of 
antimony  telluride(y  value).  On  the  other  hand,  in  the  n-type 
conducting  region  the  absolute  value  of  tlie  Seebeck  coefficient 
increased  witli  increasing  composition  of  antimony  telluride.  This 
is  because  the  hole  concentration  increased  with  increasing  y 
value  in  die  p-type  region,  instead  die  electron  concentradon 
decreased  with  increasing  y  value  in  the  n-type  region  according  to 
the  figure  2. 

Figure  4  shows  the  composition  dependence  of  the 
resistivity  at  room  temperature.  At  aroimd  y=0.7  the  resistivity 
values  were  large  because  the  total  carrier  concentration  values 
(absolute  eleetron  concentration  value  +  hole  concentration  value) 
were  small.  In  the  p-type  conducting  region  the  resistivity  values 


decreased  with  increasing  y  values  (i.c.  increasing  hole 
concentration  values),  on  the  contrary,  in  the  n-type  conducting 
region  the  resistivity  values  increased  with  increasing  y  values 
(i.e.  decreasing  electron  concentration). 

Figures  5  and  6  shows  the  carrier  concentration 
dependence  of  the  Seebeck  coefficient  and  the  resistivity  of  the 
PIES  samples  respectively.  These  figures  support  die  explanation 
of  the  figures  3  and  4.  Thus  the  composition  dependence  of  the 
electrical  properties  of  PIES  samples  were  explained  in  the  same 
manner. 

Figure  7  shows  the  temperature  dependence  of  die  Seebeck 
coefficient  of  the  p-type  PIES  samples  (i  .e.  y-Q.TlS).  Y  indicated 
the  composition  of  the  antimony  telluride  as  described  before.  The 
comjxisition  dependence  of  the  Seebeck  coefficient  values  at  room 
temperature  had  already  explained  by  the  figiues  2, 3  and  5.  The 
temperature  dependence  of  it  was  also  described  in  the  same 
mamier  as  follows.  When  y  value  was  equal  to  0.775  the  hole 
concentration  value  was  the  smallest  of  the  six  samples  at  room 
temperature.  The  Seebeck  coefficient  values  of  the  sample  of 


Figure  3.  Composition  dependence  of  Seebeck 
coefficient  for  PIES  materials. 
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Figure  2.  Composition  dependence  of  carrier  concentration 
for  PIES  materials. 


Figure  4.  Composition  dependence  of  electrical  resistivity 
for  PIES  materials. 
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y=0.775  were  the  largesl  and  the  bipolar  conduction  due  to  the 
thcmial  excitation  of  the  valence  band  electrons  began  at  the 
lowest  temperature  because  of  the  lowest  hole  concentration 
value,  Conseciueiitly  the  Seebeck  coefficient  of  the  sample  of 
y=0.775  exhibited  the  maximum  value  at  the  lowest  temperature. 
The  temperature  at  which  the  Seebeck  coefficient  exhibited  the 
maximum  value  increased  with  increasing  y  values,  i.e.  with 
increasing  the  hole  concentration  \  ahies. 

Figure  8  shows  the  temperature  dependence  of  the 
resistivity  of  the  p-type  PIEiS  samples  and  the  characteristics  were 
explained  in  the  same  maimer.  The  magnitude  of  the  resistivity 
values  decreased  with  increasing  y  i  tiliics,  i.e.  with  incrcasitig  hole 
concentration  values.  The  temperature  at  which  the  resistivity 
exliibited  the  mtiximum  value  iticreased  witli  increasing  y  values. 
In  this  manner  the  temperature  deiiendence  of  the  electrieal 
properties  of  p-type  PIES  samples  were  ex|)lained  by  considering 
the  hole  concentration  values  of  the  samples  with  various 
compositions. 

Figure  9  shows  the  temperature  deiiendence  of  the  power 
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Figure  5.  Cairier  concentration  dependence  of  Seebeck 
coefficietU  of  PIES  materials. 


factor  (  a  ’/  p  )  of  the  p-type  PIES  samples.  This  factor  is 
calculated  by  the  Seebeck  coefficient  and  the  resistivity  values, 
accordingly  the  curves  were  complicated  a  little.  However  some 
tendencies  could  be  pointed  out.  When  the  y  values  were  less  tlian 
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Figure  7.  Temperature  dependence  of  Seebeck  coefficient 
of  p-type  PIES  materitils. 


Figure  8  Temperature  dependence  of  electrieal  l  esistivity 
of  p-type  PIES  materials 
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Figure  6.  Carrier  concentration  de])cndencc  of  electrical 
rcsistivitv  of  PlliS  materials 


Figure  9.  Temperature  dependence  of  power  factor  of  p 
tyiie  PlliS  materiiils. 
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0.825,  the  power  facior  could  be  larger  than  other  high  y  value 
samples  in  tire  temperature  region  below  the  room  temperature.  At 
around  the  room  temperature,  the  samples  wliich  had  y  values 
from  0.825  to  0.875  exhibited  the  best  power  factor.  At  around  lire 
temperature  close  to  500K,  The  samples  wliich  had  y  values  from 
0.85  to  0.9  showed  tlie  best  power  factor.  Hence  the  sample  with 
y=0.875  was  the  best  sample  in  the  undopfed  (Bi^TCj)!^  (Sb^TCj)^ 
samples  prepared  by  PIES  method  according  to  the  power  factor  in 
the  temperature  range  from  300K  to  500K.  Thus  the  electrical 
properties  of  tlie  undoped  {BijTej)|  ^  (Sb^TCjl^  PIES  samples 
were  obtained  systematically. 

Affects  of  oxygen.  Figure  2  shows  the  composition  dependence  of 
the  carrier  concentration  of  the  PIES  samples  and  the  single  crystal 
ones.  The  PIES  samples  exhibited  the  p-n  transition  at  around  Uie 
composition  value  of  0.75,  however,  tlie  single  erystal  exhibited  p- 
type  conduction  in  the  whole  composition  range  of  y  from  0.4  to 
1.0.  In  otlier  words  the  carrier  concentration  of  tlie  PIES  samples 
were  much  more  sensitive  to  the  canier  concentration  than  that  of 


Figure  10.  Oxygen  content  dependency  of  room 
temperature  resistivity  of  undoped  (Bijl’e^l^  ijCSb^  fejl^g^ . 


Figure  11.  Oxygen  content  dependency  of  room  temiierature 
carrier  concentration  of  undoped  (Bi,Tej)^  ij(Sb2Tej)gjj 


the  single  crystal  samples.  The  dilference  between  the  electron 
concentration  of  the  PIES  samples  ;md  that  of  single  crystal  ones 
increased  with  decreasing  the  y  value.  There  arc  several  factors 
wluch  yield  the  electrons  in  the  PIES  samples,  for  example  the 
oxygen  in  the  samples,  the  grain  boundaries,  the  defects  in  the 
griiins  and  so  on. 

In  this  discussion  the  influences  on  thermoelectric 
properties  of  oxygen  content  were  examined  experimentally. 
Figure  10  shows  the  oxygen  content  dependency  of  the  room 
tempci-atui'c  resistivity  of  the  undoped  (Bi^TCjl^  i/Sb^Tej),^, 
(y=0.15)  prepared  by  PIES  method.  The  resistivity  values 
increased  with  increasing  the  oxygen  content,  even  though  the 
error  of  theoxygen  content  measurement  was  taking  into 
consideration  (See  error  bar). 

Figure  11  shows  the  oxygen  content  dependency  of  the 
room  temperature  carrier  concentration  of  tire  same  samples.  The 
carrier  concentration  values  dccetised  with  increasing  the  oxygen 
content  monotonously.  Tliis  result  suggest  that  tlie  oxygen  in  the 
PIES  samples  yeilded  electrons,  consequently  the  hole 
concentration  decreased.  The  oxygen  content  of  the  PIES  samples 
tue  much  larger  than  those  of  tlie  single  crystal  ones  of  less  than 
0.01  mass  percent.  According  to  the  figure  2,  the  electron 
concentration  values  of  tlie  PIES  samples  were  about  3  x  10"’  in  ’ 
more  than  those  of  the  single  crystal.  Assuming  that  the  oxygen 
atoms  yielded  all  of  the  excess  electrons  in  the  PIES  samples,  a 
oxygen  atom  yielded  0.0115  electron  on  the  average.  Further 
investigation  on  role  of  oxygen  in  the  PIES  materials  should  be 
necessary. 

Conclusions 

The  undoped  (Bi,Tej)|  (Sb^'lCj)^  jirepared  by  PIES  metliod  had 
following  characteristics: 

(1)  The  Seebcck  coefficient,  the  resistivity,  the  Hall  mobility  and 
the  carrier  concentration  x  alues  changed  systematically  as  y 
value  chmiged 

(2)  The  p-lype  conduction  was  observed  when  the  y  value  was 
more  tlian  0.7. 

(3)  The  p-n  transition  was  also  observed  at  around  y  value  of  0.7 
wliich  was  different  from  the  characteristics  of  the  single 
crystal  materials,  'fhc  difference  in  oxygen  content  was  a 
major  factor  of  it. 

(4)  The  PIES  materials  had  the  oxx'gen  concentration  values  of 
0.3  to  0.8  mass  percent  which  arc  much  larger  than  those  of 
single  crystal  values  (  less  than  0.01  mass  percent). 

(5)  The  oxygen  in  materials  acted  as  donor  because  the  hole 
concentration  I'aliics  increased  with  decreasing  the  oxj'gen 
coucentratioii  values  A  oxygen  atom  yielded  0.01 15  electron 
on  die  ai’crage 
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(BiSb)2Tc3  AND  Bi2(TcSc)3  FILMS  PREPARED  BY  VACUUM-ARC  PLASMA  METHOD: 
CHARACTERISATION  AND  APPLICATIONS 
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The  potentialities  of  a  pulsed  vacuum-arc  plasma  method  are 
comprehensively  disclosed  as  applied  to  formation  of  thermoelectric 
(BiSb)2Te3  and  Bi2(TeSe)3  films.  Characteristics  of  the  films  studied 
by  XPS,  SIMS,  RBS,  electron  microscopy  (TEM)  and  electron- 
diffraction  techniques  have  demonstrated  that  this  comparatively 
new  method  is  suitable  for  making  thermoelectric  devices. 


Introduction 

The  need  for  thermoelectric  materials  with  high  thermoelectric 
efficiency  stimulates  both  the  search  of  new  materials  [1]  and 
utilisation  and  modification  of  various  technological  means  and 
methods  of  deposition  of  traditional  materials  [2-4].  The  results 
of  our  previous  studies  have  demonstrated  the  possibility  of 
obtaining  thermoelectric  films  based  on  bismuth  telluride  by 
pulsed  vacuum-arc  plasma  (PVAP)  method  [5-6].  This  method  is 
chosen  not  only  because  of  the  possibility  of  reproducing  the 
starting  material  composition  in  the  films  but  also  because  the 
films  obtained  exhibit  a  good  adhesion  to  substrate.  Since  bis¬ 
muth  telluride  films  have  properties  that  are  strongly  dependent 
on  their  preparation  method  and  on  condensation  conditions 
within  a  particular  method  [4],  a  detailed  study  is  required  of  the 
films  prepared  by  the  PVAP  method.  This  paper  presents 
generalisation  of  the  results  of  a  comprehensive  investigation  of 
such  films,  including  peculiarities  incurred  by  the  method.  The 
advantages  of  using  bismuth  telluride-based  films  produced  by 
PVAP  method  as  thermobattery  branches  of  thermoelectric 
transducers  (TET)  are  briefly  discussed 


Experimental 

(BiSb)2Te3  and  Bi2(TeSe)3  films  were  prepared  in  an  oil-free 
vacuum  of  10'^  Pa  on  polyimide,  NaCl  and  AI2O3  substrates  at 
300  K,  425  K,  475  K  and  575  1C  substrate  temperatures.  The 
corresponding  energy  characteristics  of  the  plasma  deposition 
unit  and  other  process  parameters  are  described  in  [7].  Phase 
composition  and  microstructure  of  the  films  50  nm  thick  were 
studied  by  electron  diffraction  technique  (ED)  and  electron 
microscopy.  XPS  method  was  employed  to  study  physicochemi¬ 
cal  state  of  the  film  surface  and  that  of  the  target  material, 
chemical  composition  depth  profile,  and  the  effect  of  ion  bom¬ 
bardment  on  the  film  phase  composition.  XPS  spectra  were  taken 
by  means  of  an  ES-2401  spectrometer  using  Mg  k^^  X-ray 
radiation  and  photon  energy  h  v=  1253.6  eV.  Two  measurement 
modes  were  used:  full  scanning  and  scanning  of  regions  20  eV 
wide  in  energy  steps  equal  to  0.1  eV.  Is-line  of  carbon  was  used 
as  a  standard.  Layerwise  etching  was  conducted  with  1  keV  ar¬ 
gon  ions  at  2.3  pA/cm^  current  density.  Ar+  bombardment  of 
specimen  surface  was  performed  at  the  incidence  angle  of  45 
degrees.  Spectra  were  measured  for  inner-shell  C  Is,  O  Is,  Bi  4f, 
Sb  3d  and  Te  3d  electrons.  Elemental  composition  of  the  films, 
distribution  of  components  over  thickness  and  at  the  film- 
substrate  interface  were  studied  by  SIMS  method  and  Rutherford 


back-scattering  (RBS).  SfMS  data  were  obtained  by  means  of  an 
ion  microanalyzer  JMS-300  equipped  with  electrostatic  energy 
filter.  Registration  of  secondary  ion  signal  was  performed  by 
using  an  electron  multiplier  in  the  ion  counting  mode.  O.xygen 
ions  with  E  =  5.5  keV  and  current  densities  j  =  0.3,  0.1,  0.05 
pA/cm^  were  used  for  bombarding  films  2.5  pm,  78  nm  and  35 
nm  thick,  respectively.  In  order  to  increase  the  secondary  ion 
yield,  measurements  were  conducted  with  oxj'gen  pressure 
increased  up  to  3- 10'^  Pa. 


Results 

Analysis  of  the  regularities  of  structural  transformations  in 
(BiSb)2Te3  and  Bi2(TeSe)3  films  prepared  by  PVAP  method 
combined  with  investigation  of  500  A-film  growth  processes  by 
electron  microscopy  and  generalisation  of  experimental  findings 
have  shown  that  the  basic  condensation  mechanism  is  of  a 
"vapour-ciystal"-type  with  coalescence  in  the  substrate  tem¬ 
perature  range  up  to  573  K.  Above  this  temperature,  condensa¬ 
tion  of  Bi2(TeSe)3  films  proceeds  via  "vapour-crystal"  mecha¬ 
nism  without  coalescence,  which  is  characteristic  of  substances 
with  high  vapour  elasticity  and  high  anisotropy  of  the  surface 
tension  coefficient.  Condensation  mechanism  has  a  crucial  effect 
on  formation  of  continuous  film  structure  and  determines  not 
only  texturization  behaviour  and  grain  size  in  a  continuous  film 
but  also  formation  of  defects  in  the  film  structure. 

The  distinctive  feature  of  the  films  deposited  onto  cold 
substrates  is  their  high  structural  dispersivity,  fine  2.0-3. 0  run 
grains  being  observed  simultaneously  with  coarse  8.0-10.0  nm 
grains.  The  ratio  of  grains  of  the  two  size  domains  and  their  size 
itself  are  determined  by  the  plasma  accelerator  unit  operation 
regime  and  have  been  established  by  TEM  using  Fourier- 
transform  of  TEM  structural  pictures  [6].  It  should  be  noted  that 
high  kinetic  energy  of  particles  and  degree  of  plasma  flux 
ionisation  typical  of  the  PVAP  method  make  it  possible  to 
prepare  textured  films  on  cold  substrates,  epitaxial  growth  of 
films  being  observed  at  substrate  temperatures  of  425-575  K 
(Fig.  1).  In  the  Bi2(TeSe)3  films,  the  {105}  Bi2(TeSe)3//{001} 
NaCl  orientation  is  predominant,  the  number  of  grains  with  the 
{105}  Bi2(TeSe)3//  {001}  NaCl  orientation  is  insignificant.  In 
the  (BiSb)2Te3  films,  grains  are  oriented  with  {105}  and  {005} 
planes  parallel  to  {001}  NaCl,  both  orientations  being  equally 
probable  up  to  the  condensation  temperature  of  475  K.  At  higher 
temperatures,  the  films  have  {001}  {BiSb)2Te3  //{OOl}  NaCl 
orientation.  In  both  films,  two  azimuthal  orientations  are 
observed:  the  directions  [110]  of  {105 [-oriented  grains  are  mu- 
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tually  perpendicular,  and  ilic  diiecLions  iHOi  of  {001}-oriented 
grains  form  an  angle  of  00  deg  c  : 

The  obscn'cd  r!  r.>  i  ^c^  rnres  can  be  explained  by 
growth  rate  anisotropj  ra  •  z  <-  s  e  Ciijpied  by  excess  elec¬ 
tronegative  eicmcnis  in  ux-  c\y:,!:0.  led,;:',,  iiiferststial  position  of 
bismuth  in  Bi  ^(TeSe-,)  lesn'is  n,  «  rex  chaotic  distribution  of 
atoms  in  the  lattice,  '•  ''  il£  '  L  c’cscripiion  by  a  reduced 
pseudocubic  cell.  In  accoi^*"’  <  u  <'  )c  principle  of  parallelism 
of  close-packed  direcaon:  a  •'  fornied  v/hsre  the  cube 
faces  of  the  reduced  r«l!  >o  {100}  NaCl.  In  a  true 

cell,  the  same  cubs  fv  'o  d  to  {105}  planes.  The 
(BiSb)2Te3  straclure  can  be  de£ciib.:;d  wiili  better  probability  by  a 
true  cell,  since  in  it  excess  elements  are  located  in  lattice  sites.  In 
accordance  with  the  sasite  parallciisin  principle,  the  {001} 
(BiSbljTcj  //  {001}  NaCi  orientation  is  formed  in  this  case. 


Fig.  1.  Electron  d.i.ffractio''  '■  of  CSiSb)2Te3  (I)  and 

Bi2(TeSe)3  (IT)  films  depos  'c-'  c  .  i  T  Ji  substrate  at  different 
substrate  temperature;  a,  c  300.  -07  7' ,  d  -47SK. 


The  appearance  of  electron-diffraction  patterns  changes 
in  the  case  of  films  prepared  at  the  condensation  temperature  of 
475  K  (Fig.  1).  There  emerge  diffraction  points  caused  by  double 
reflection  resulting  from  the  presence  of  several  grain 
orientations.  Forbidden  diffraction  points  arise  from  interaction 
of  some  allowed  difiraction  beams.  The  double  diffraction  is 
caused  by  formation  and  growth  of  grains  on  the  grain  already 
grown,  which  is  evidenced  by  a  moire  pattern  in  the  TEM  image 
emerging  owing  to  rotation  of  the  grains  with  the  same 
interplane  distances  by  a  small  angle.  The  presence  of  stacking 
faults  in  the  films  gives  rise  to  the  streaks  in  the  ED  patterns.  In 
addition  to  matrix  reflections,  the  ED  patterns  from  (BiSb)2Te3 
and  Bi2(TeSe)3  films  exhibit  weak  reflections  at  the  positions 
multiple  to  1/3  (300)  revealing  the  occurrence  of  ordering 
processes.  Our  studies  have  shown  that  changing  of  the 
condensation  mechanism  in  the  Bi2(TeSe)3  films  gives  rise  to 
additional  orientations  which  were  not  observed  in  films  pre¬ 
pared  by  other  methods.  It  is  noted  in  [4]  that  microstructuie  also 
changes,  featuring  plate-  like  grains  with  twin  boundaries, 

XPS  results  indicate  that  the  Bi,  Sb,  Te  component 
ratio  in  the  near-surface  layer  differs  from  those  found  in  the 
film  depth  and  in  the  target  material.  It  should  be  noted  that  the 
component  ratio  across  the  near-surface  layer  is  not  constant, 
changing  over  its  depth,  which  indicates  a  nonuniform  distri¬ 
bution  of  Bi,  Sb  and  Te.  Comparison  of  the  forms  and  energy 
positions  of  photoelectron  lines  Te  3d5/2,  Bi  4f7/2  and  Sb  3d5/2  in 
the  course  of  layervvise  analysis  of  sjiecimens  shows  that  the  near 
surface  and  deeper  layers  of  the  film  differ  substantially  in  their 
phase  compositions  (Fig.  2) 


Bi4f7/2  Te3ds/2  Sb3d5/2 

Fig.  2.  XPS  spectra  from  the  surface  of  (BiSb)2Te3  films  before 
(a)  and  after  (b)  etching  with  argon  ion  bombardment 

Apart  from  the  (BiSb)2Te3  phase,  the  near-surface  layer 
contains  oxides  of  Bi,  Te  and  Sb.  Argon  ion  bombardment  of  the 
film  surface  in  the  process  of  etching  results  in  removal  of 
oxidised  layer  and  adsorbed  carbon.  Concentrations  of  Bi,  Sb  and 
Te  in  deeper  layers  tend  to  have  constant  values  that  correspond 
to  their  contents  in  the  target  material  (sputtered  target).  Energy 
positions  of  photoelectron  lines  Bi  4f7/2,  Te  3d5/2  and  Sb  3d5/2 
talcen  from  the  film  surface  cleaned  by  Ar+  bombardment  testify 
that  these  elements  are  in  chemically  bound  state  in  the  form  of 
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(BiSb)2Te3  compound.  Within  the  measurement  error,  the 
binding  energies  of  the  film  comjxments  correspond  exactly  in 
value  to  those  of  the  target  material,  namely,  for  Te  3d5/2  - 
Eb=572.2  eV,for  Bi  4f7/2  -  Eb=  157.7  eV,  for  Sb  3d5/2  -  Eb  = 
528.6  eV. 

It  has  been  found  by  SIMS  that  the  elemental  compo¬ 
sition  of  the  in-depth  region  of  the  films  formed  in  optimised 
condensation  regime  corresponds  to  tliat  of  the  target  material 
and  does  not  change  from  the  near-surface  to  transition  layer  at 
the  interface.  Under  the  same  experimental  conditions,  secondary 
ions  yield  values  areidentical  for  the  target  and  the  film  and 
remain  constant  over  the  whole  depth  of  the  film,  being  equal  to 
9.110^,  1.310^  and  1.610*  counts  for  Bi,  Te  and  Sb, 
respectively  (Fig.  3).  Consequently,  concentration  of  components 
in  the  film  corresponds  to  that  of  the  target,  and  the  component 
distribution  over  the  film  depth  is  uniform. 

Secondary 
ions  yield  (a.u.) 


800  1200  1600 


Fig.4.  RBS  spectrum  taken  from  Bi2(TeSe)3  film  used  as  n-type 
thermobattaiy  branch  of  TET 

Composition  of  the  transition  layer  at  tlie  film-substrate  interface 
is  characterised  by  continuous  lowering  of  concentration  of  the 
mam  film  components  down  to  zero  and  simultaneous  rising  of 
concentration  of  light  substrate  elements.The  concentration 
profile  at  the  interface  and  the  width  of  transition  region  were 
calculated  from  spectra  of  He  ions  back-scattered  from  the  films. 
The  RBS  spectrum  from  the  BijCTeSelj  film  and  the 


corresponding  component  distribnlioa  profile  at  the  iilai  -  A1203 
substrate  interface  are  showm  in  Table  and  Fig.  4.  Depth  of 
diffusion  into  aiiiminium  oxide  was  870  Hiii  for  Bi  and  Te  and 
530  nm  for  Se.  For  the  films  condensed  o.>;ito  palyimide.  the 
widtli  of  file  transition  region  was  about  200-300  am,  la  the 
calculations,the  atomic  density  value  of  9.18T0  22- cm'^  was 
used  that  corresponded  to  polysrnidc  dsr.ssty  of  L42  g/'cis^. 

Based  on  a  concrete  design  soiutioR  of  i!*c  theiino- 
electrical  transducer  (TET)  vriiicli  had  iherm-ol-jaitery  branches 
made  of  (BiSb)2Te3  and  Bi2(TeSe)3  films  prepared  by  PVAP 
method,  an  advantage  of  such  a  transducer  as  compared  v/ith 
com.Tnercially  produced  devices  has  been  fismonstvated.  It  has 
been  found  experimentally  that  the  skw  TET  (ss8  Fig.  5), 
described  in  detail  in.  [8,  9],  has  the  corsversioR  coefficient  of  up 
to  12  VAV. 


Fig.5.  App-e0.raiice  of  a  Shsn-fjlm  thciTacelectiical  transducef 

Commercia.1  TET  with  themrebattery  braaches  made  of  GeTe 
and  PbTe  and  a  TET  with  (BiSb)2Te3  and  Bi2(TeSe)3  breaches 
formed  by  vacuum  evaporation  (discrete  evapoiratioB  froir!  a 
Knudsen  cel!  at  deposition  rates  of  0.0035  and  0.0069  p,m/s)  are 
characterised  by  tlie  conversion  cccfficieais  not  iiigher  than  8 
VAV.  Another  advantage  of  using  (BiSb)2Te3  and  Bi2{TeSs)3 
films  deposited,  by  PVAP  method  insicad  of  GeTe  ami  PbTe  for 
branches  is  that  there  is  no  need  to  apply  a  double  SiO  protection 
layer  on  the  surface  of  thermot'attcryba,a!iches,  tl.ms  maldag 
production  process  simpler.  Furtlrer  j.s'j.p-ro%'cs!crit  of  TET's 
characteristics  is  achieved  by  subsoqueat  a!!,r£Ct0.!iag  ii!  inert 
atmosphere.  Tiius,  annealing  for  30  minutes  at  575  K  increases 
the  conversion  coefficient  up  to  18  V/m.  It  .should  be  noted  that 
reduction  of  the  sheet  resistance  after  annealing  makes  it 
possible,  firstly,  to  form  thermo, sensitive  elements  mth  lower 
output  resistance  on  the  same  substeate  area,  whicii  reduces 
requirements  to  tlie  input  resistance  of  th  sc  yon.divy  t5aj;;,sdisccr, 
and,  secondly,  to  reduce  the  substrate  area  iired  for  tlie  saiiie 
nominal  values  of  thermo-sensitive  elcmc.cjs,  which  increasss 
integration  factor  and  decreases  the  device,  c!im3.ri3ioas. 


Conclusiaa 

The  results  of  our  investigations  have  deffiOiistTated  tlie  bos- 
sibility  of  forming  (BiSb)2Te3  and  Bi2(Te.Se)3  fdsns  by  ?V/t?3 
method.By  cont.rolling  condeesatioa  conditions,  it  is  possible  to 
obtain  films  with  various  grain  sizes  (from,  2, 0-7.0  mh  to  50-60 
nm)  and  degrees  of  texturing  (from  low-testared  polycrystailiEe 
to  epitaxial).  Optimization  of  the  ,depo.sitioa  regime  allows 
preparation  of  the  films  vrith  compositiosi  con'espoading  to  that 
of  the  target  material  and  with  un-iform  clislribation  of  compo 


TABLE 

The  concentration  profile  at  the  interface  Bi2(TeSe)3  -  AI2O3 


nents  over  the  film  thickness.  The  PVAP  method  is  especially 
promising  for  making  thermobatteiy  branches  of  thin- 
filmthermoelectrical  transducers,  resulting  in  markedely  higher 
conversion  coefficient  of  the  devices.  There  is  no  doubt  that  this 
method  can  be  advantageously  used  for  condensing  other 
thermoelectric  materials  and  for  maldng  various  thermoelcctrica! 
devices. 
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STRUCTURE  AND  PROPERTIES  OF  LARGE  DIAMETER  ZONE  MELTING  GROWN  THERMOELECTRIC  CRYSTALS 


V.T.  Bublik,  V.V.  Karataev,  V.B.  Osvensky,  T.B.  Sagalova,  A.M.  Frolov  and  O.  Zhuravlev* 

Institute  of  Chemical  Problems  of  Microelectronics,  117571  Moscow,  Russia 
*Atramet  Co.,  11735  New  York,  USA 


The  effect  of  growth  conditions  on  the  structure,  texture  type  and  chemical  homogeneity  of  large 
diameter  Bi2Te3-hased  crystals  has  been  studied. 


From  the  viewpoint  of  the  cost-effectiveness  of 
thermoelectric  coolers  fabrication,  it  would  be  a  significant 
progress  to  increase  the  ingot  diameter  of  thermoelectric  materials 
(TEM)  to  at  least  25  mm  while  retaining  their  high  quality  and 
desired  properties.  However,  TEM  crystals  are  still  grown  in  up  to 
15-20  mm  diameter  ingots  in  the  NIS  countries.  The  major 
obstacles  have  been  the  poor  reproducibility  of  alloying, 
deterioration  of  homogeneity,  lack  of  the  desired  column  structure 
orientation  and,  as  a  result,  poor  thermoelectric  parameters. 

Despite  the  above  difficulties,  it  proves  to  he  quite  simple  to 
grow  high  quality  p-type  TEM  crystals  of  the  Sb2Te3-Bi2Te3 
system  with  a  diameter  of  more  than  25  mm  using  zone  melting 
with  subsequent  long-term  annealing. 

However,  growth  of  /i-type  Bi2Te3-Bi2Se3  TEM  crystals 
with  a  diameter  not  less  than  25  mm  has  a  number  of  technical 
problems  which  originate  from  the  dendrite  liquation.  In  the 
ternary  solid  solution  this  effect  shows  itself  in  intra-  and 
intergranular  inhomogeneity  and  precipitation  of  nonequilibrium 
components.  In  other  words,  it  is  likely  that  the  liquid  phase 
stratifies  into  zones  with  different  compositions  from  which  TEM 
crystallize.  Intragranular  liquation  is  the  stronger  the  larger  is  the 
concentration  difference  between  the  solidus  and  the  liquidus  in 
the  phase  diagram.  Comparison  of  the  T-X  diagrams  of  the 
relevant  binary  systems  showed  that  the  above  concentration 
difference  of  the  Bi2Te3-Bi2Se3  system  is  two  times  that  of  the 
Sb2Te3-Bi2Te3  system.  Hence,  violation  of  particular  conditions 
during  the  crystallization  of  Bi-Te-Se  ternary  solutions  (e.g.,  low 
growth  rate,  large  temperature  gradient  in  the  melt,  stabilization 
of  the  melt  temperature,  etc.)  may  cause  enhanced  liquation  which 
will  produce  pronounced  dendrite  structures. 

Analysis  of  the  crystallographic  anisotropy  and  the  related 
anisotropy  of  the  physical  properties  of  ternary  TEM,  such  as  the 
coefficients  of  thermo-emf  (a),  electrical  conductivity  (a)  and 
heat  conductivity  (k),  shows  that  a  is  virtually  isotropic,  while  a 
and  K  are  the  highest  along  the  cleavage  planes  and  the  lowest  in 
the  perpendicular  directions.  In  n-type  TEM  the  anisotropy 
coefficients  of  CT  are  4  to  6  and  those  of  K  are  2  to  3  [1,2].  The 
thermoelectric  figure  of  merit  Z  is 

Z=  a^a/K. 

Figure  1  presents  diagrams  of  a  and  k  for  a  particular 
composition  of  the  ternary  solid  solution,  and  Fig.  2  shows 
diagram  of  Z.  The  shape  of  the  rotation  ellipsoids  which 
describe  the  anisotropy  suggests  that  an  orientation  scatter  of  up 
to  5  arc  deg  has  but  a  little  effect  on  Z. 

The  cost-effectiveness  of  single  crystal  growth  techniques 
is  relatively  low.  A  good  alternative  is  the  growth  of  large- 
diameter  polycrystalline  ingots  with  clearly  pronounced  ring 
texture  which  allows  one  to  make  use  of  the  crystal  anisotropy. 
For  this  texture  the  normal  to  the  (00. 1)  planes  is  perpendicular  to 
the  growth  axis  and  any  normal  to  the  planes  of  the  [00.1]-zone 
may  be  parallel  to  this  axis. 


Fig.  1.  a  and  ic  anisotropy  rotation  ellipsoids  tor 
conventional  solid  solutions  of«-type  TEM. 

II  (oool)  /a/ 


Fig.  2.  Z  anisotropy  rotation  ellipsoid  for  conventional  solid 
solutions  of  «-type  TEM. 


Bi2Te2  7Seo,3  and  Bio,5Sbi  jTe3  TEM  ingots  25  mm  in  atmosphere  of  a  quartz  reactor.  To  obtain  n-type  TEM'  the 

diameter  were  grown  using  vertical  zone  melting  in  sealed  quartz  polycrystals  were  doped  v/ith  Cl. 

ampoules  by  means  of  direct  and  99.99  Sb,  99.999  Bi,  99.998  Te  X-ray  diffractometry,  Schultz  topography  and  metallography 

and  99.9992  Se.  99.99  Sb  was  shielded  RF  heating  and  resistive  (dark-field  and  in  polarized  light)  were  used  to  study  the  effect  of 

heating.  The  initial  materials  were  obtained  from  99.6  Sb  by  TEM  growth  conditions  (ingot  diameter,  heating  mode, 

repeated  vacuum-hydrogen  distillation,  and  99.998  Te  was  temperature  and  growth  rate)  on  the  phase  composition, 

produced  from  99.9  and  99.83  Te  by  distillation  in  the  hydrogen  homogeneity  of  the  ternary  solid  solution,  microstructure  and 

grain  size.  The  results  are  summarized  in  Table  I , 


Table  1.  The  effect  of  Bi2Te2  7Seo.3+0.05%CdCl2  TEM  growth  conditions  on  the  structure,  texture  and  thermoelectric  properties  at  300  K. 


Nos. 

Growth  mode 

Microstructure  type  and  grain  size 

Main  texture  component 
and  scatter 

Thermoelectric  properties 

1 

Resistive  heating: 

AX  =  3-5  mm; 

V=0.3-0.5  mm/min; 

0  =  12-20  mm; 

AT/AX=  50  “C/cm 

Dendrites  up  to  several  cm  in 
length;  grains  up  to  1  mm  in  the 
interdendrite  space 

Lengthwise  texture  transition  (13.5)- 
(1 1.0)-(10.23)  with  a  scatter  of  up  to 
several  tens  arc  degrees 

«-type; 

a  =  800-1070  Ohm''cm‘'; 
a  =  145-160  pV/K; 
a^a  =  27  pW/mK^ 

2 

Direct  RF  heating: 

AX  =  1-2  mm; 

V=0. 1-0.25  mm/min; 

0  =  20-25  mm; 

AT/AX=  150-200  “C/cm 

Column  crystals  sized  more 
than  100  mm  along  the  ingot  axis 
and  up  to  50  mm  perpendicular  to 
it;  subgrains  sized  10x1  mm^ 

Clear  ring  [1 1 .0]  texture  with  a 
scatter  of  ±1 5  arc  deg  along  the  ingot 
axis  and  1  -3  arc  deg  perpendicular  to 
it 

«-type; 

a  =  500-7U0  Ohm  'cm-'; 
a  =  240-225  pV/K; 
a^a=29-35  pW/mK^ 

3 

Shielded  RF  heating: 

AX  =  1-2  mm; 

V=0. 1-0.25  mm/min; 

0  =  20-25  mm; 

AT/AX  =  80-120  “C/cm 

Column  crystals  sized  100x50 
mm^ 

Clear  ring  (10.0)  texture;  [00.1]-axis 
perpendicular  to  the  ingot  axis;  a 
scatter  of  up  to  3  arc  deg 

n-type; 

u  =  700-950  Ohm^'cm"'; 
a  =  231-210  pV/K; 
a^a=38-42  pW/m 

4 

Resistive  heating: 

AX  =  1  mm; 

V=0.1-0.15  mm/min; 

0  =  20-25  mm; 

AT/AX  =  80-120  “C/cm 

Column  crystals  sized  100x50 
mm^ 

Ring  texture;  texture  transition 

(2 1 .5)-(l  1 .0);  a  scatter  of  up  to  5  arc 

deg 

«-type; 

a  =  950-980  Ohm‘'cm''; 
a  =  210-215  pV/K; 
a"a=42-45  pW/mK^ 

Notes:  AX  is  the  lash  between  the  ampoule  and  the  heater;  V  is  the  growth  rate;  0  is  the  TEM  ingot  diameter;  AT/AX  is  the  axial 
temperature  gradient  near  the  crystallization  front.  The  indices  of  the  planes  perpendicular  to  the  growth  axis  are  given. 


The  texture  of  the  TEM  ingots  grown  in  mode  I  is 
multicomponent  and  axial  both  for  n-  and  p-types.  With  increasing 
ingot  diameter  the  number  of  strong  reflections  in  the 
diffraction  pattern  increases  to  14,  and  the  main  texture 
component  becomes  such  that  the  C-axis  directions  are  parallel  to 
the  growth  axis.  In  this  state  the  heat  and  electrical 
conductivities  are  the  lowest,  i.e.,  the  thermoelectric  parameters  of 
the  TEM  are  deteriorated.  One  may  assume  that  the  large  number 
of  the  orientations  originates  from  the  nonplanar  crystallization 
front  and  that  the  axial  [00.1]  texture  forms  because  of  the  high 
radial  component  of  the  heat  flow. 

During  dendrite  crystallization  (Fig.  3)  chemical 
inhomogeneities,  phase  separation  and  grain  refinement  are 
observed.  The  interdendrite  space  is  filled  with  small  (sized  from 
several  microns  to  1  mm)  grains  with  a  composition  different  from 
that  of  the  dendrites. 

The  diffraction  peaks  of  the  samples  grown  in  mode  I  are 
split  and  smeared  due  to  the  phase  separation  in  the  solid 
solution.  The  degree  of  the  phase  separation  increases  as  one 
approaches  the  end  of  the  ingot  but  changes  insignificantly  in  the 
cross  section. 

The  main  technological  objectuve  of  this  work  was  to 
produce  a  column  structure  with  such  an  orientation  that  the 
C-axis  be  perpendicular  to  the  growth  axis.  This  can  be 
achieved  by  suppressing  the  radial  heat  flows  at  the 
crystallization  front  and  enhancing  the  axial  temperature  gradient. 


Fig.  3.  Dendrite  crystallization.  The  microstructure  of  the 
center  of  an  «-type  ingot  (mode  I). 
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Fig,  4.  Metal lographic  imaging  ol'llic  lengthwise  section  of 
;7-type  ingots  grown  in  modes  (a)  4  and  (h)  3. 

The  technical  means  elaborated  in  this  work  (  I'able  I  )  avoid 
dendrite  ci7stallization  thereby  increasing  the  homogeneity  both 
on  micro-  and  macroscopic  scale.  The  ingots  grown  in  modes  3 
or  4  contain  stretched  column  crystals  (100  mm)  with  a  cross- 
section  of  20-25  mm"  (Fig.  4).  However,  these  arc  not  single 
crystals  but  consist  of  relatively  large  fiber-like  subgrains  (up  to 
0.1  mm"  in  section)  stretched  in  the  grow'th  direction  and 
oriented  with  a  scatter  of  1-3  deg  relative  to  the  growth  axis 
and  to  one  another. 

The  crystallization  is  likely  to  develop  by  the  spiral-like 
growth  of  the  (00.1)  basis  planes  parallel  to  the  growth  axis  and 
perpendicular  to  the  radial  heat  removal  direction.  This 
assumption  is  confirmed  by  the  hexagonal  growth  figures  revealed 
by  metallography  in  the  longitudinal  sections  of  samples  grown  in 
mode  3  (Fig.  5).  The  basis  planes  (11.0)  or  (10.0)  appear  to  be 
perpendicular  to  the  growth  axis.  The  anisotropy  of  this  ingot 
is  favorable  for  the  thermoelectric  properties. 

Suppression  of  the  dendrite  crystallization  noticeably 
increases  the  chemical  homogeneity  of  the  solid  solution  both  on 
micro-  and  macroscopic  scale.  It  should  be  noted  that  there  is  a 
correlation  in  the  radial  composition  inhomogeneity,  the 
thermoelectric  properties  and  the  shape  of  the  crystallization 
front  (Fig.  6,  a,  h).  For  a  flat  crystallization  front  there  was  no 
radial  composition  inhomogeneity  of  the  solid  solution  and  the 
related  thermoelectric  properties  were  constant  (mode  4). 
However,  if  the  crystallization  front  shape  was  distorted  by  the 
radial  heat  flows,  we  observed  a  radial  variation  of  the  lattice 
parameter,  indicating  changes  in  the  composition  of  the  solid 
solution  and,  hence,  in  the  thermoelectric  properties. 

TEM  crystals  grown  without  heat  shields  had  even 
greater  distortion  of  the  crystallization  front  and  greater 
thermal  inhomogeneity  in  the  transverse  direction.  The  type  of  the 
texture  remained  the  same,  but  the  orientation  scatter 
increased  considerably  (Table  1,  mode  2). 

TEM  crystal  grown  with  resistive  heating  retained  an 
acceptable  chemical  homogeneity  of  the  solid  solution,  but  the 
texture  orientation  changed  from  (21.5)  in  the  top  of  the  ingot  to 
(10.0)  in  its  middle  portion  with  but  a  moderate  increase  in  the 
scatter  (Table  I,  mode  4). 

Thus,  study  of  preferred  orientations  in  the  lengthwise  and 
transverse  directions  showed  that: 

(1)  The  type  and  scatter  of  the  ring  texture  forming  during 
crystallization  can  be  changed  by  varying  the  growth  mode; 


Fig.  5.  Flexagonal  growth  figures  revealed  in  a  section 
along  the  growth  axis  of  an  77-type  ingot  grown  in  mode  3. 


JICm 


Fig.  6.  Change  in  {a)  lattice  parameter  and  {b)  thermo-emf 
along  the  diameter  of  an  «-type  ingot  grown  in  mode  3.  The  arrow 
marks  a  distortion  of  the  crystallization  front. 
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(2)  The  crystallographic  anisotropy  of  the  test  rhoinbohedral 
crystals  with  clearly  pronounced  textures  determines  the  References 
electrophysical  and  thermoelectric  properties  of  the  crystals.  To 

obtain  the  best  thermoelectric  properties,  one  should  provide  for  [1],  B.M.  Holtzman  et  ah.  Semiconductor  Thermoelectric 

the  growth  of  such  a  texture  for  which  the  (00.1)  basis  planes  are  Materials  Based  on  Bi2Te3,  Moscow,  Nauka,  1972. 

parallel  to  the  growth  axis  and  the  (11.0)  and  (10.0)  planes  of  the  [2].  M.H.  Francombe,  Brit.  J.  Appl.  Phys.,  1958,  v.  9,  No.  10,  p. 
(00. 1  )-zone  are  perpendicular  to  this  axis.  415. 

The  present  results  were  used  to  develop  the  growth 
technique  of  n-  and  p-type  TEM  crystals  up  to  25  mm  in 

diameter  with  good  thermoelectric  properties  (Z=  3' 10'^  K"'). 
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MECHANICAL  PROPERTIES  OF  Bi-Sb  SINGLE  CRYSTAL  SOLID  SOLUTIONS 
GROWN  BY  CZOCHRALSKI  METHOD 

A. D. Be lava,  S.A.Zavakin,  V. S. Zemskov 

Baikov  Institute  of  Metallurgv,  Moscow,  117911,  Russia 

Influence  of  size  and  surface  quality  of  specimens  on  a  results  of 
mechanical  tests  of  Bi-Sb  single  crystals  was  investigated . Strength 
properties  of  these  materials  were  investigated  at  test  temperatur¬ 
es  293K  and  77K  with  the  use  of  bending  test  method.  Growth  condi¬ 
tions  of  high  strength  Bi-Sb  single  crystals  for  highly  efficient 
thermoelectric  and  thermomagnet ic  allov  compositions  were  obtained. 

Introduction 


Single  crystals  of  n-type  Bi-Sb  solid 
solutions  containing  0-15  at.%  Sb  are 
unique  in  having  the  highest  thermo¬ 
electric  (TE),  magneto-thermoelectric 
(MTE)  and  thermomagnet ic  (TM)  figures 
of  merit  at  temperatures  lower  than 
ZOOK  Cl3.In  spite  of  this,  the  use  of 
these  materials  in  low  temperature 
stages  of  solid  state  coolers  is  res¬ 
trained  because  it  is  wide-spread  op¬ 
inion  about  low  mechanical  properties 
of  these  materials.  At  the  same  time 
there  has  been  no  detailed  work  done 
to  determine  strength  properties  of 
Bi-Sb  single  crystals  and  strength 
properties  of  wares  manufactured  from 
these  materials  (branches  of  thermo¬ 
couples,  for  example). 

In  this  connection  we  were  engaged  in 
research  on  mechanical  properties  of 
Bi-Sb  single  crystals  with  the  main 
purpose  to  obtain  data  allowing  to 
estimate  a  behavior  of  these  materi¬ 
als  in  TE,  MTE  and  TM  coolers. 

EXPERIMENTAL  METHODS 

Investigation  was  carry  out  on  Bi-Sb 
single  crystals  grown  by  Czochralski 
method.  At  present  this  method  is 
best  suited  to  growth  of  Bi-Sb  single 
crystals  for  scientific  and  practical 
applications  because  makes  it  possib¬ 
le  to  produce  homogeneous,  highly 
perfect  Bi-Sb  single  crystals  with 
any  crystallographic  orientation  at 
growth  rate  of  no  less  than  0.05  mm/ 
min.  It  is  more  than  an  order  of  mag¬ 
nitude  higher  than  their  growth  rate 
by  other  known  methods  £22 ■ 

Content  of  Sb  in  crystals  was  inspec¬ 
ted  by  the  x-ray  fluorescence  method 
with  an  accuracy  of  0.1%. 

Specimens  were  cut  from  crystals  by 
the  electrospark  method  in  the  form 


of  rectangular  plates  with  cross  sec¬ 
tions  3,10  and  20  square  mm  and  the 
relation  of  width  to  thickness  2.5:1. 
Edges  of  plates  were  parallel  to  the 
bisectrix  (Cl),  binary  ( C2 )  and  trig¬ 
onal  (C3)  axes  of  the  crystal.  Desig¬ 
nated  as  No  1  and  No2  orientations  of 
specimens  (Fig.l)  are  most  interest¬ 
ing  from  the  viewpoint  of  practical 
use  of  Bi-Sb  single  crystals  as  ther¬ 
mocouple  branches.  After  cutting  spe¬ 
cimens  were  etched  in  nitric  acid  and 
polished.  Using  polishing  method  exc¬ 
luded  of  any  mechanical  actions  on 
specimens  during  the  process. 


— 

1 

z 

1 

<  C3 

Ci 

/ 

(a^ 


e. 


c 

— 

Mi 

1 

A 

J 

,iibl 

ma*" 


Cb) 


Fig.l 

Orientations  of  specimens  (a)  and 
scheme  of  the  bending  test  method  (b) 


Mechanical  properties  of  specimens 
were  investigated  on  a  "INSTRON"  mac¬ 
hine  at  the  test  temperatures  77K  and 
293K  with  the  use  of  bending  test  me¬ 
thod  represented  schematically  in  Fig 
l.The  Basis  for  choice  of  this  method 
is  that  the  material  of  a  thermoelem¬ 
ent  is  sub.iected  when  operating  to 
action  by  bending  thermal  pressure. 
The  velocity  of  loading  accounted  for 
0.5  mm/min. 
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Results  and  dsscussson 

Influence  of  cross  section  and  surfa¬ 
ce  quality  of  specimens  on  their  mec- 
hanical  properties _ 


It  is  well  known,  that  a  results  of 
investigation  of  mechanical  properti¬ 
es  of  semiconductors  depends  upon  qu¬ 
ality  of  the  surface  of  specimens : ex¬ 
istence  on  a  surface  of  the  disrupted 
in  cutting  layer,  scratchs  or  creeks 
reduced  their  strength.  In  such  cases 
the  results  of  mechanical  tests  do 
not  characterise  the  properties  of 
material.  Therefore  the  influence  of 
surface  quality  is  necessary  to  take 
into  account  and  whenever  possible  to 
reduce  to  a  minimum  both  at  preparat¬ 
ion  and  execution  of  mechanical  tests 
and  at  manufacturing  of  wares  CsD. 
Furthermore,  for  practical  use  of  a 
results  of  investigaton  of  mechanical 
properties  the  size  of  specimens  and 
wares  must  be  close  or  the  influence 
of  size  of  specimens  on  results  of 
mechanical  tests  must  be  known. 

In  this  connection  first  of  all  we 
investigated  influence  of  surface  qu¬ 
ality  of  specimens  on  results  of  mec¬ 
hanical  tests  of  Bi-Sb  sigle  cryst¬ 
als.  This  investigation  was  conducted 
for  specimens  containing  2  at.%  Sb  at 
the  test  temperature  293K.  These  res¬ 
ults  are  shown  in  Fig. 2a  for  speci¬ 
mens  possessing  orientation  Nol. 

As  illustrated  in  Fig. 2a  the  mean  va¬ 
lue  of  bending  strength  of  polished 
specimens  is  more  than  in  two  times 
higher  than  that  for  etched  specim¬ 
ens,  which  possess  relief  surface. 

The  area  of  cross  section  of  etched 
specimens  was  (5.0  x  2.5)  =  10  square 
mm.  A  polished  specimens  were  prepar¬ 
ed  from  etched  specimens  possessing 
such  initial  cross  section.  After  po¬ 
lishing  the  sizes  of  specimens  were 
(4.0-4.6)mm  on  width  and  (1.2-1. 6)  mm 
on  thickness,  that  is  essentially  lo¬ 
wer  than  initial  sizes.  In  this  con¬ 
nection  it  was  necessary  to  evaluate 
following: is  this  increasing  of  stre¬ 
ngth  a  consequence  of  improvement  of 
surface  quality  of  specimens  or  is  it 
stipulated  by  influence  of  size  fact¬ 
or? 

Influence  of  the  size  factor  was  inv¬ 
estigated  on  three  groups  of  etched 
specimens  distinguished  by  area  of 
cross  sections.  As  shown  in  Fig. 2b, at 
reduction  of  cross  sections  of  speci¬ 
mens  the  tendency  to  increase  of  me¬ 


an  value  of  their  bending  strength  is 
observed . 

At  the  same  time  comparison  of  the 
data  presented  in  Fig. 2  permits  to 
conclude  that  increase  of  strength  of 
specimens  during  of  polish  is  stipul¬ 
ated,  basically,  by  improvement  of 
quality  of  their  surface  whereas  the 
influence  of  the  size  factor  is  esse¬ 
ntially  lower. 
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Fig.  2 

Influense  of  surface  quality  (a)  and 
cross  section  (b)  of  specimens  posse¬ 
ssing  orientation  Nol  on  their  bend¬ 
ing  strength : 1 . Polished  specimens; 

2. Etched  specimens. 

Influence  of  indicated  factors  on 
properties  of  specimens  of  orientati¬ 
on  No2  has  similar  character. 
Subsequent  submitted  data  were  recei¬ 
ved  on  specimens  with  width  of  cross 
section  (4. 0-4. 6)  mm  and  thickness  - 
(1.2-1. 6) mm.  The  use  of  the  data  for 
estimation  of  strength  properties  of 
TE  branches  and  other  wares  manufac¬ 
tured  from  Bi-Sb  single  crystals  is 
apparently  justified  if  the  sizes  of 
cross  sections  of  wares  do  not  exceed 
the  appropriate  sizes  of  cross  secti¬ 
ons  of  tested  specimens.  For  wares, 
possessing  square  cross  section,  the 
party  of  a  square  should  not  exceed 
thickness  of  specimens. 
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Mechanical  properties  of  Bi-Sb  single 
crystals  as  function  of  alloy  compos¬ 
ition  at  77K  and  293K  _ 


The  results  of  investigation  of  mech¬ 
anical  properties  of  Bi-Sb  single 
crystals  are  submitted  in  Fig. 3  and 
in  the  Table. 

If  to  take  into  account  dispersion  of 
the  results  of  tests , bending  strength 
of  these  materials  does  not  depend 
upon  alloy  composition  at  the  test 
temperature  77K  and  makes  10-17MPa. 
Mean  value  of  the  limiting  relative 
strain  (limiting  strain)  at  this  tem¬ 
perature  decrease  with  increase  of 
the  content  of  Sb:that  is  possible  to 
see  in  the  Table  for  specimens,  poss¬ 
essing  orientation  No2. 

Increase  of  bending  strength  of  spec¬ 
imens  at  293K  in  comparison  with  that 
at  77K  (Fig. 3)  is  connected  with  the 
increase  of  their  propensity  to  plas¬ 
tic  deformation  (the  Table). 

At  room  temperature  mean  values  of 
bending  strength  and  limiting  strain 
depends  upon  alloy  composition.  Maxi¬ 
mum  of  bending  strength  is  reached 
for  specimens  containing  1.5  -  4  at.% 
Sb  and  makes  approximately  ( 50-55 )MPa 
for  specimens  of  orientation  Nol  and 
(40-45)  MPa  for  specimens  of  orienta¬ 
tion  No2.  Such  increase  of  bending 
strength  in  comparison  with  that  for 
Bi  is  connected  with  action  of  solid 
solution  strengthening  C43 . With  a  fur¬ 
ther  increase  of  Sb  content  the  tend¬ 
ency  to  reduction  of  bending  strength 
of  specimens  connected  with  reduction 
of  their  propensity  to  be  plastically 
deformed  (the  Table)  is  observed. This 
variation  of  these  properties  with  Sb 
content  increasing  is  conditioned  by 
action  of  solid  solution  strengthen¬ 
ing  coincidentally  with  distortion  of 
crystal  lattice  of  these  materials 
[5]. 
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oX.% 

Fig .  3 

Bending  strength  of  Bi-Sb  single 
crystals  at  the  test  temperatures 
293K  (1,3)  and  77K  (2,4):  specimens 

possessing  orientation  Nol  -  (a)  and 
No2  -  (b). 


Table 


Mean  values  of  the  limiting  strain  (%)  of  Bi-Sb  single  crystals 


T,K 

Specimen 
orientation 
(Fig. la ) 

Sb ,  at . %  j 

0 

2-3 

4-4.6 

9 

10.5 

12.5 

14.5-15 

293 

1 

5.7 

6.2 

4.3 

1.6 

0.3 

0.1 

2 

5.4 

2.9 

0.6 

0.32 

0.22 

77 

1 

0.07 

2 

0.062 

0.046 

received 


For  practical  use  of  above  subraitted 
data  it  should  be  taken  into  account 
that  bending  strength  and  limiting 
strain  of  speciaiens  increase  obvious¬ 
ly  with  temperature  increasing  froiis 
77K  up  to  293K.  Therefore  it  is  poss¬ 
ible  to  think  that  the  data  obtained 
at  77K  characterise  approximately  a 
bottom  border  of  mechanical  properti¬ 
es  of  Bi-Sb  single  crystals  in  their 
working  range  of  tempejiratur-es. 

It  is  necessary  to  take  into  account, 
that  dependence  of  bending  strength 
and  limiting  strain  of  these  materi¬ 
als  upon  alloy  composition  establish¬ 
ed  at  293K  should  be  executed  in  sorffe 
temperature  range  below  this  tempera¬ 
ture.  It  permits  to  conclude  that  from 
the  vie\s?point  of  iaiproA^ement  of  mech¬ 
anical  characteristics  of  TE,  MTE  and 
TM  coolers  it  is  best  to  apply  for 
their  manufacturing  Bi-Sb  alloys  with 
the  smaller  contents  of  Sb. 

The  best  mechanical  properties  are 
had' by  Bi-Sb  alloys  containing  (2-4) 
at,%  Sb  being  the  most  effective  for 
TM  cooling  [1] . 

A  comparison  of  the  data  for  raost  ef¬ 
fective  TE  and  MTE  alloy  corapositi- 
ons,  which  in  accordance  with  1,6 
are  Bi-Sb  alloys  containing  8-B  and 
15  at.%  Sb,  permit  to  conclude  that 
the  first  alloy  composition,  should  be 
more  reliable  in  service  than  the 
last . 

Influence  of  growth  conditions  on  me¬ 
chanical  properties  of  Bi-Sb  single 
crystals  _ _ _ 


Mechanical  properties  of  single  crys¬ 
tals  depend  of  these  structure  perfe¬ 
ction,  which,  in  turn,  determined  by 
choice  of  a  method  and  conditions  of 
crystal  growth.  Therefore  alongside 
with  reception  the  data  about  mechan¬ 
ical  properties  of  Bi-Sb  single  crys¬ 
tals  it  is  important  to  know  depende¬ 
nce  of  these  properties  upon  crystal 
growth  conditions. 

In  this  connection  we  investigated 
influence  of  grov?th  conditions  on  me¬ 
chanical  properties  of  Bi-Sb  single 
crystals  containing  2  at.%  Sb  (effec¬ 
tive  TM  alloy  composition  1  )  and  9 
at.%  Sb  (effective  TE  and  MTE  alloy 
composition  [61).  Rate  of  palling  and 
angle  of  crystal  growth  we.re  chosen 
as  varied  process  parameters Last 
parameter  defines  orientation  of  cle¬ 
avage  plane  of  ci:‘ystal- ( 111  )-relative 
growth  direction. 


Results  of  these  researches 
at  293K  are  shovm  in  Fig. 4. 


(b) 
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Fig.  4 

Influence  of  the  rate  (a)  and  angle 
(b)  of  crystal  growth  on  bending 
strength  of  Bi-Sfo  single  crystals 
containing  2  at.%  Sb  (1) 
and  9  at.%  Sb  ( 2 ) 


Maximum  of  mean  value  of  strength  of 
crystals , containing  2  at.%  Sb,was  re¬ 
ached  at  the  range  of  rates  0.2  -  0.3 
mm/min.  Reduction  of  the  pulling  rate 
of  crystals,  containing  9  at.%  Sb,  to 
0.05  mm/min  was  accompanied  by  incre¬ 
ase  of  mean  value  of  their  strength 
(Fig. 4a ) . 
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Change  of  an  angle  of  growth  of  crys¬ 
tals,  containing  2  at.%  Sb  and  9  at.% 
Sb,  from  90  degrees  (growth  in  direc¬ 
tion  perpendicular  to  the  cleavage 
plane)  up  to  0  degrees  (growth  in  di¬ 
rection  along  to  the  cleavage  plane) 
is  accompanied  by  increase  of  mean 
value  of  their  strength  (Fig. 4b). 
Established  dependences  have  allowed 
to  develop  growth  conditions  of  Bi-Sb 
single  crystals  having  increased  mec¬ 
hanical  strength.  These  dependences 
are  explained  by  change  of  structure 
perfection  of  Bi-Sb  single  crystals 
at  changing  of  growth  conditions.  Ap¬ 
propriate  structure  researches  were 
conducted  in  Ref.  [7]. 
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ON  THE  DURABILITY  OF  DOPED  Bi2Teg  SINGLE  CRYSTALS 

M.A.Korzhuev,  S . N . Chizhevskaya,  T . E . Svechnikova , 
N.M. Maksimova,  and  E. A. Kulakova 
A. A, Baikov  Institute  of  Metallurgy  of  Russian 
Academy  of  Sciences,  Moscow,  117911,  Russia 

Under  the  three  point  mechanical  bend  tests  of 
doped,  undoped  and  armed  BigTe^  single  crystals  and 

some  Bi2Te2  solid  solutions  the  peculiar  plastic 

deformation  of  samples  of  0  -  type  was  studied. 


Introduction 

Bismuth  telluride  Bi2Te2  is  known  to 

be  an  effective  material  for 
thermoelectric  energy  converters  [1]. 
The  Bi2Te2  crystals  have  a 

rhombohedral  unit  cell  consisting  of 
five  atoms  per  cell  {  two  bismuth  and 
three  chalcogen_ )  and  have  the  space 
symmetry  group  R3m.  The  crystals  are 
layered,  the  sequence  of  layegs  can  be 
represented  by  -  Te  -  Bi  -  Te  -  Bi  - 
Te^-.  The  superscripts  (1,  2)  refer  ^ 
to  the  two  types  of  bonding,  the  Te 
atoms  are  bound  by  van  der  Vaals 

forces  to  the  Te  atoms  of  the 
adjacent  tellurium  layer  and  by  mixed 
covalent-  ionic  bondsgto  the  Bi  atoms, 
whereas  the  Bi  -  Te'^  bond  is  less 
ionic.  Because  the  bonding  between 
tellurium  atoms  in  different  layers  is 
much  less  than  the  bonding  within  the 
layers  (  the  spacing  between  the 
tellurium  atoms  is  abnormally  large  ) , 
one  can  easy  to  cleave  the  crystals 
along  the  (  0001  )  planes  (  in  the 
hexagonal  set  of  axis  ) .  Therefore  the 
Bi2Te2  structure  may  be  treated  as  a 

"puff-pastry"  [1]. 

Standard  three  point  mechanical 
bend  test  of  free  samples  usually 
results  in  plastic  deformation  of  V  - 
type  due  to  bending  the  sample  in  the 
middle  and  corresponding  elevation  of 
its  free  ends  (  see  Fig.l,  b  ) .  To  fix 
the  ends  of  a  sample  on  the  top 
during  tests  one  can  get  the  peculiar 
plastic  deformation  of  0  -  type  (  see 
Fig.l,  a  )  (  here  V  -  or  0  -  are  the 

symbols  designated  the  sample’s  shape 
after  plastic  deformation  )  [2-4]. 

Recently  under  the  three  point 
mechanical  bend  tests  along  trigonal 
axis  the  peculiar  plastic 


deformation  of  samples  of  D  -  type  was 
observed  in  free  Bi2Te2  single 

crystals  for  the  first  time  [5]. 
It  was  surprising  for  solids  because 
the  ends  of  samples  were  not  fixed  on 
the  top  during  tests.  Nevertheless, 
the  ends  of  the  samples  after  tests 
remain  horizontal  with  the  accuracy  of 
up  from  1  to  5  corner  degree.  The 
phenomenon  observed  was  presumably 
explained  in  [6]  by  easy  bending  of 
the  layers  and  its  easy  sliding  along 
the  planes  (0001)  in  crystals  in 
question,  but  mechanism  of  the  effect 
was  not  yet  clear  up  in  detail.  The 
present  paper  aims  at  following 
investigating  the  nature  of  G  -  type 
deformation  observed  in  Bi2Te2  single 

crystals.  The  more  wide  ranges  of 
deformation  rate  v  (  from  0.05  to  0.5 
cm/min  )  and  bend  hardnesses  P  of 
samples  (  from  8  to  49  MPa  )  were  used 
in  present  paper,  the  last  being 
obtained  by  Bi2Te2  single  crystals 

doping  or  armimg .  The  physical  model 
was  developed  to  clear  up  the  nature 
of  the  effects  observed. 


Experimental 
The  Bi2Te2  single 

solid  solutions 

®^1,98®*^0,02^®2,82 

,96  ,  04'^®2 , 79 

for  investigations 

components  (  Bi  - 

Sb,  Cu  -  OSCH  ) 

technique  [ 7 ] . 

technique  [8]  was 

the  samples  with 

concentration  N^  = 
Cu 

samples  were  cut  f 


crystals  and  some 

®^2^®2,85®®0,15  ’ 

^®0,18’ 

Scq  21  '^®^®  prepared 

using  high  purity 
Bi-  0000;  Se,  Te , 
by  the  Czochralsky 
Electrochemical 
applied  to  dope 
copper  ( „  dopant 
1.10^^  cm"'^  ).  The 

rom  the  ingots  by 
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Fig.l.  The  three  point  bend  <-ests 
scheme . 

a  -  unusual  Q-  type  bend  in 
BigTe^ ; 

b  -  usual  V-  type  bend  in  solids. 

1  -  a  crack;  2  -  steel  wires  in  ai'med 
BigTe^  crystals. 


the  electro  errosion  technique. 
Dislocation  densities  observed  on  the 
cleavagg  planes  the  samples  varied 
from  10  to  10  cm  .  The  size  of 
samples  used  was  of3x6x25  mm,  the  6x25 
sides  being  parallel  or  perpendicular 
to  (  0001  )  planes  (  a  j.  3  and  C7  //  3 

sets  respectively,  here  o  is  the 
mechanical  strain,  and  3  is  the 
trigonal  axis  ).  The  samples  were 
armed  by  the  steel  wires  of  0.3  mm 
diameter  {  see  Fig.l,  b  ).  Mechanical 
bend  tests  were  carried  out  with  an 
"Instron"  tools  using  standard  three 
point  scheme  (Fig.l),  the  rate  of 
deformation  was  of  v=  0.05  to  0.5 
cm/min,  the  diameter  of  support 
cylinders  -  of  d=3  mm,  the  distance 
between  supports  -  of  1=  12  mm. 

Results  and  Discussion 

The  bend  hardnesses  P  of  some  samples 
under  tests  corresponding  to 

deformation  rate  of  0.05  cm/rain  are 
presented  in  Table  1.  From  Table  1  one 
can  see,  that  doping  of  Bi^Te^  single 

crystals  with  impurities  used  results 
into  5-6  time  increase  of  bend 
hardnesses  P  of  the  material.  The 
observed  hardening  the  crystals  when 
doping  was  due  to  strengthening  of 
weak  forces  acting  between  the 
adjacent  layers  in  Bi2Te2  [6].  In 

addition,  bend  hardnesses  P  of  samples 
was  shown  to  be  anisotropic,  the 


Fig. 2.  Physical  model  used  for  BigTe^ 

peculiar  plastic  deformation  of  D- 
type  to  explain, 
a  -  before  the  loading; 
b  -  after  the  loading; 

1  -  plate  springs; 

2  -  solid  bodies; 

3  -  supports . 


I  a 


?  b 


values  measured  in  0x3  set  were 
from  10  to  20  per  cent  more  than  that 
for  0  //  3  set  (Table  1).  The 
increased  hardness  of  Bi^Te^  single 

crystals  in  0  x  3  set  resulted  from 
layered  structure  of  samples  was 
previously  observed  in  micro  hardness 
tests  [ 6 ] . 

Anisotropy  of  crystal  structure  was 
showm  to  affect  the  deformation 
picture  type  too.  For  0  x  3  set  we 
obtained  the  usual  V  -  type 
deformation  picture  for  all  the 
crystals  and  deformation  rates  used 
(see  Fig.l  ).  From  the  other  _hand, 
it  was  discovered  that  for  0  //  3  set 
the  peculiar  0  -  type  deformation 

picture  (  see  Fig.l  )  may  be 

observed  only  for  low  deformation  rate 
V.  It  was  shown  for  _the  fist  time, 
that  even  for  0  //  3  set  when  the 
deformation  rate  being  increased  the 
^  -  type  deformation  picture 

transformed  to  V  -  type  one  in  a 
continuous  manner.  Such  transformation 
depends  significantly  on  the  bend 
hardnesses  P  of  samples.  For  the  most 
hard  doped  samples  (  Table . 1  )  the 

from  D-  to  V-  deformation  type 
transformation  may  be  observed  for  v  > 
0.2  cm/min,  but  only  for  v  >  1-3 
cm/min  as  deal  with  the  soft  undoped 
BigTe^  single  crystals. 

To  explain  the  peculiar  V  -  type 
plastic  deformation,  observed  in 


Table  1 


Bend  Hardness  of  samples 
deformation  rate  of  0.05 

tested 

cm/min 

under 

„  I  Bend 

Hardness 

Samples 

Set 

p, 

MPa 

®  i  2'^®  3 

8 

// 

Bi2Te2<Cu> 

20 

// 

®^2'^®2,85®®0,15 

31 

// 

^"2T®2,85S®0,15"^^> 

36 

// 

®^1 ,  ,  02'^®2 , 82^®0 , 18 

32 

// 

41 

X 

®^1 ,96^^0,04'’^®2 , 7  9®®0,21 

44 

// 

49 

X 

^  ) 

'  External  strains  o  were  parallel 
(//)  or  perpendicular  (  J-  )  to 
trigonal  axes  f  S  j  of  crystals^ 


BigTe^  single  crystals  in  n  //  3  set, 
the  physical  model  (Fig. 2  )  was  used. 
The  last  consists  of  plate  springs 

(1),  solid  bodies  (2),  and  supports 
(3).  It  should  be  pointed  out  that  the 
symmetry  of  proposed  model  was  the 
same  as  the  Bi2Te2  single  crystals 

one.  The  Bi^Te^  samples  used  for  tests 

contain  up  to  3.10^  -  Te^-  Bi 

Te'^-  Bi  -  Te'^-  )  layers,  bent  hardness 
of  a  layer  may  be  evaluated  as  no  more 
than  10  Pa.  Because  the  bonding 

between  the  layers  in  Bi2Te2  is  weak, 

any  layer  are  able  to  slide  relatively 
another  along  the  planes  (0001)  under 
bend  tests.  To  arm  the  crystals  by 
steel  wires  (  Fig.l,  b  ),  that 
prevent  the  planes  from  sliding,  we 
have  succeded  in  2  fold  raise  of 
crystal  durability. 

Conclusion 

As  a  conclusion  we  should  state  the 
following.  The  peculiar  V-  type 
plastic  deformation,  observed  in 
BigTeg  single  crystals  in  cr  //  3  set 

under  three  point  bend  tests  can  be 
attributed  to  layered  structure  of 
crystals  and  weak  bonding  between  the 
layers.  The  hardening  of  bonding 
between  the  layers  when  doping  as 


well  as  arming  or  the  deformation  rate 
increase  make  sliding  difficult  and 
give  rise  the  transition  from  0-  type 
to  V-type  deformation. 
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Galvanomagnetic  effects  and  Shubnikov-de  Haas  effect  have  been  investigated  in 
Bi2Te3.xSx  single  crystals  with  (Kx<0. 1 5  in  magnetic  fields  up  to  7  T  in  the  temperature 
range  4.2<T<300  K.  We  observed  the  inversion  of  conductivity  type  in  p-Bi2Te3.xSx 
crystals  when  concentration  x  of  S  was  more  than  0.11. 


Introduction 

Bismuth  telluride  belongs  to  the  layer 
semiconductors  with  the  D3/  symmetry  group 
Each  layer  of  Bi2Te3  consists  of  five  atomic 
planes  in  sequence  Te^'*-Bi-Te^^^-Bi-Te^‘\  where 
Te^*^  and  Bi  occupy  the  octahedral  sites.  Inside 
the  layers  there  is  a  strong  covalent  binding, 
whereas  the  layers  are  held  mainly  by  the  van  der 
Waals  interaction. 

The  presence  of  antisite  defects  in 
A2^B3^^  narrow  gap  semiconductors  was 
described  in  several  papers  [1,2].  In  Bi2Te3 
crystals  their  existence  was  confirmed  by  a  direct 
methods  [1,2].  In  spite  of  the  intensive 
investigation  of  A2^B3^  compounds  in  recent 
years,  only  a  few  papers  were  devoted  to  the 
®*2"^®3-x^x  compound.  The  effect  of  the 
polarisation  of  bonds  in  Bi2Te3  crystals  caused 
by  the  incorporation  of  isovalent  S  atoms  into 
Te-sublattice  was  studied  in  [3],  The  optical  gap 
of  Bi2Te3.xSx  crystals  increases  with  increasmg 
of  S  content  [3,4].  With  decreasing  of  the 
electronegativity  difference  between  the  atoms 
combined  in  a  binary  semiconductor,  the  bond 
polarity  and  ionicity  decrease,  but  the  probability 
of  the  formation  of  antisite  defects  increases. 
Bi2Te3  stoichiometric  crystals  posses  always  p- 
type  conductivity  due  to  formation  of  antisite 
defects.  The  formation  of  antisite  defects  Bi'jg  is 
accompanied  by  the  creation  of  free  holes  and 
leads  to  the  p-type  conductivity. 

We  have  prepared  Bi2Te3.xSx  crystals 
with  0<x<0.16  and  have  measured  temperature 
dependence  of  conductivity.  Hall  effect  and 
Shubnikov  de  Haas  effect  at  low  temperatures 


and  dependence  of  the  Hall  coefficient  on 
magnetic  field  and  temperature  to  get 
information  about  changing  of  the  energy 
spectrum  of  Bi2Te3.xSx 


Bi2Te3_xSx  single  crystals  were  grown  by  a 
modified  Bridgman  method.  Starting  elements 
Bi,  Te  5N  purity,  and  4.5N  purity  sulphur  in  the 
ratio  corresponding  to  the  given  compositions 
were  synthesised  in  evacuated  conical-shaped 
silica  ampoules  at  730®C  for  48  h.  Then  the 
ampoule  with  the  melt  was  lowered  at  a  rate  of 
1.2  mm/h  through  a  sharp  temperature  gradient 
of  80K/cm.  After  the  grovfth,  the  single  crystals 
were  heat-treated  at  550®C  for  48  h.  Samples  for 
the  transport  measurements  were  cut  by  a  spark 
erosion  machine  into  a  parallelepiped  shape  with 
typical  dimensions  lxlx6mm^. 

The  conductivity  was  measured  in  the 
C2  direction,  and  the  Hall  coefficient  Rp[  with 
the  magnetic  field  B  parallel  to  the  C-axis. 
Magnetic  field  up  to  7  T  was  produced  by  a 
superconducting  solenoid. 

Results 

The  results  of  the  galvanomagnetic 
measurements  show  that  with  increasing  of 
sulphur  content  in  Bi2Te3.jjSx  crystals  up  to 
x=0  10  the  electrical  conductivity  a  as  well  as 
the  concentration  of  the  free  carriers  decrease. 


The  temperature  dependence  of  resistivity  with 
decrease  of  hole  concentration  in  samples 
changes  from  metallic  behaviour  to 
semiconductor  one.  The  n-type  of  conductivity 
in  Bi2Te3.xSx  crystals  observed  at  high  sulphur 


Table  1  Parameters  of  samples  at  T=4.2K 


B 


composition  x 

Rh. 

cm^/C 

1^1 

cm^A^S 

0  075 

2.7 

4800 

0.10 

9.6 

1600 

0.12 

-0.31 

2700 

0  15 

-0.22 

220 

0  16 

-0.21 

2500 

concentrations.  Some  parameters  of  me  samples 
are  listed  in  the  Table  1.  The  temperature 
dependencies  of  resistivity  for  some  samples  are 
shovminfig.l. 

In  p-type  Bi2Te3-xSx  crystals  the  Hall 
coefficient  depends  on  magnetic  field  at  T=4.2K 
while  in  n-type  samples  the  Hall  coeflficient  is 
almost  magnetic  field  independent.  In  fig.  2  the 
magnetic  field  dependence  of  the  Hall 
coefficient  for  two  samples  are  shown. 

The  temperature  dependence  of  the  Hall 
coefficient  is  also  different  in  p-  and  n-types 
Bi2Te3.xSx  crystals.  In  p-type  samples  the  value 
of  Rjj  decreases  with  temperature  while  in  n- 
type  sample  the  Hall  coefficient  is  almost 
temperature  indqpsndsnt.  In  fig.  3  we  plotted  the 


Rh  for  two  p-  and  n-lypes  samples. 

The  Shubnikov-de  Haas  effect  at  B 
parallel  to  C3  axis  was  observed  only  in  the 


Fig.l  Temperature  dependencies  of  resistivity 
for  Bi2Te3.xSx  crystals.  Numbers  correspond  to 
sample  numbers  in  table  1 . 


Fig.2  Magnetic  field  dependence  of  the  Hal 
coefficient  Rh  at  different  temperatures  for  p 
type  sample  2  BbTe^i.v&ir  and  n-tvps  sampl( 

2T 
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Fig.3  TempOTtaie  dependence  of  the  Hall 
coefScisit  Rfi  for  sample  2  p-type  and  sample  5 
m-typs  Bi2Te3.xS5j  crystals. 


coincided  with  the  Hall  effect  data  if  we 
suggested  die  six-ellipsoidal  Fermi  surfk^  with 
dis  same  anisotropy  as  in  Bi2Te3  [5], 

DfesMssi®® 

A  decrease  in  the  electrical  conductivity  and  sn 
inoT^e  in  the  Hall  coeffident  with  increasing  of 
fee  Sffllphnr  content  in  Bi2Te3.xSx  raystals  gives 
the  evidence  for  a  decrease  in  the  free  hole 
concsatration.  This  conclusion  is  in  sgreCTirat 
with  die  change  of  the  absorption  cosfSciesit 
with  composition  of  Bi2Te3.^Sx  ciystals  {4], 
Hie  hole  concaitration  may  be  deoj^ed  due  to 
S  doping  by  suppressing  the  cause  of  the 
foimation  of  antistructural  defects  (fliat  is  Bi 
atoms  in  the  anion  sublattice),  which  are 
responsible  for  the  high  initial  crmcaitraSion  of 
holes.  The  existence  of  p-type  Bi2Te3  is  due  to 
die  overstoichiometric  Bi  content  in  fee  form  of 
Bijg  defects.  In  fee  undoped  p-Bi2Te3  crystals 
prepared  from  melt  wife  fee  stoichiometric 
composition,  feere  about  lOl^cm"^  antisites 
defects  Bijg.  The  increase  in  concentration  of  S- 
atoms  incorporated  in  fee  crystal  lattice 
particularly  decrease  fee  hole  concentration. 
Near  x=0.11  a  transition  occurs  to  n-type 


conductivity.  These  experisiieatsi  results  can  bs 
explained  in  fee  following  wsy:  wife  inraeasing 
content  of  S,  fee  comcsitralion  of  fee  anion 
vacancies  increa-sss.  Beside  this  effect,  fee 
cheage  in  fee  antisite  defect  coacejitratioa  isiast 
be  talcen  into  account.  As  mcreasing  bond 
polarity  in  mixed  crystals  Bi2Te3„3jSx  wife  te 
tetrsdymite  structax®  leads  to  s  decrease  in  the 
probability  of  formation  of  mtiisite  defects. 
Therefore  it  is  possible  to  expsst  dea'eass  in  fee 
antisite  defect  conceatratioa  and,  hence,  hole 
conoaitratioji  caused  by  ao  mcs'easing  content  of 
incorporated  S  atoms  in  fee  crystal  lattice  of  fee 
mixed  crystals.  Recently  [7]  it  was  supposed  also 
feat  fee  increase  of  S  concsotration  in  fee  anion 
sublattics  reailts  in  an  mcreass  of  fee  probability 
of  formatioa  of  positively  ctuMged  aaion 
vacancies.  A  fester  inorease  in  fee  anion  vacancy 
concsffltrstioa  than  antisite  defect  concastetioa 
wife  increasing  content  of  S  atoms  may  tsqjlgin 
fee  change  in  fee  sign  of  fee  Hali  cosISdent. 

In  p-type  Bi2Te3.xSx  crystals  fee  Hail 
coeffident  depends  oa  magnetic  field  at  T=4.2K. 
In  a  model  of  two  degenerate  hols  gases  fee  Hall 
coefficient  Rj|  should  always  dsia^ss  wife 
increasing  maimetic  field  wiioa  the  Mfiw,®acs  of 
geometiicEl  fector  in  Rf|  for  fee  second  type  of 
holes  may  fes  neglecterl  If  we  Mce  into  accomt 
fes  affiisotn5p}f  factors  for  both  ^pes  of  hols,  R|.j 
iacrease  in  fee  magnetis  field. 

Quantitatively  fee  effect  of  fes  iasrgsss  of  fee 
Hdl  cosffidert  in  megastis  field  in  feis  c-^s  vm 
calculatsd  in  p-lii5jBi2.x’fe3  |6|.  fa  ffi-Bi2Ts3. 
xSx  crysSsls  fee  Hall  cosffideat  almost  doss  not 
dqjssid  oa  magnetic  field  siid  temperature.  The 
decrease  of  fee  Hall  cosfficleat  wife  teiispsrature 
(fig.3)  bs  expiameJ  by  fesmoEstivatioffl  of 
esniers.  Tfe®  p-typs  samples  mose  ssnsitivs  to 
fee  geaeratiom  of  fee  elestoas.  When 

comceatistioa  x  of  S  incrcKSS'S,  fes  tem|>®Lraitiire 
dspgsdesjos  of  resi^vity  of  Bi2T63.xSx  changt^ 
from  metallic  typs  to  a  s-smicomdustor  type 
(fig.2). 

Cffiiadifflsfaa! 

The  mcorporation  of  S  atoniis  in  fes  Te  position 
in  Bi2Tc3,j(:Sx  ciysfels  sassses  fes  dsss'^asg  in  fee 
free  hole  concsnlratiom  and  for  s>0.i!  ivBS  of 
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conductivity  changes  to  n-type.  For  small 
concentration  of  S  atoms  the  and  structure  of 
Bi2Te3.xSx  crystals  is  the  same  as  for  the  host 
Bi2Te3  crystals. 
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OBTAINING  SEIvHCONDUCTOR  SYSTEMS  ALLOYS 
AT  SUPER-RAPED  RATES  OF  COOLING 
V.M.GLAZOV,  K.B.POYARKOV 

Moscow  Institute  of  Electronic  Engineering  (  Technical  University  ),  Russia 

The  object  of  the  present  research  program  v/as  to  study  the  possibility  of  non-diffusion  crystallization  of 
semiconductor  binary  and  pseudo-binary  systems  alloys.  Supercooled  alloys  were  obtained  by  solidification  of  a 
melt.  The  cooling  rates  of  crystallization  was  10^  -  10*  K/s.  This  paper  describes  the  results  of  X  -  ray  diffraction 
analysis. 


Solid  Bi-Sb,  Ge-Si,  Bi2Te3-Bi2Se3,  Bi2Te3- 
Sb2Te3  systems  solutions  are  of  great  interest  as 
materials  for  thermoelectricenergy  transformers.  The 
efficiency  of  thermoeleltric  devices  for  different 
applications  is  knoivn  to  depend  on  the 
thermoelectric  effectiveness  of  the  material  which 
tends  to  grow  with  the  increase  of  its  chemical 
homogeneity.  Thus  an  impotant  goal  for  thermal 
devices  is  to  obtein  chemically  homogeneous  solid 
solutions.  But  the  task  of  obteining  a  chemically 
homogeneous  material  is  friquently  complicated  by 
using  solid  solutions  with  a  strong  tendency  to 
liquation  of  any  of  the  components.  Homogeneous 
alloys  are  usually  obtained  by  methods  of  zone 
recrystallization,  powder  metallurgy  and  prolonged 
annealing.  These  methods,  however,  are  eirtremely 
arduous  and  they  are  not  sufficient  for  coping  the 
problem  of  obtaining  a  ctemically  homogeneous 
material. 

Ciystallization  at  cooling  rates  of  10^  -  10* 
K/s  is  known  to  prevent  segregational  diffusion 
processes  effectively,  e  g.  alloys  of  predetermined 
composition  without  a  segregational  process  can  be 
obtained  by  a  mesthod  of  non-diffiision 
crystallization  [1  ]. 

The  object  of  the  present  research  program 
was  to  study  the  prossibility  of  non-difflision 
crystallization  of  the  alloys  above.  Phase  balances  m 
these  systems  are  cheracterized  by  diagrams  for 
states  with  continuous  solid  and  liquid  solutions.  For 
the  preliminary  assesment  of  the  possible 

crystallization  of  the  alloy  systems  using  non- 
diffusion  pattam  we  have  calulated  the  line  To  - 
equal  values  of  Gibbs’  energy  of  liquid  and  solid 
phases  on  the  basis  of  the  regular  soliution  model. 
Calculations  have  shown  that  To  lione  is  located  in 
a  too-phase  area  between 


the  curves  of  liquidus  and  solidus,  therefore 
overcooling  of  the  melt  necessary  for  non-diffusion 
cristallization  is  attainable  in  practice. 

For  the  experimental  solution  of  this  problem 
samples  of  these  systemes  with  composition  in  the 
range  of  10  to  80  at.%  of  tlie  second  component 
respectively,  v/ith  the  interval  betv/eeri  them  being 
not  more  than  10  at.  ,  have  been  subiect.ed  to  the 
method  of  alloying  the  components  in  evacuated 
quate  ampoules.  AJundum  crucibles  were  used  when 
necessaiyr  The  initial  components  were  mate.rials  of 
high  purity. 

The  supercooled  alloys  were  obtained  by 
tv/o  methods:  1  -  clapping  of  a  melt  drop  beffveen 
two  copper  disks  moving  towaxds  each  other;  2  ■■ 
solidification  of  a  melt  drop  on  the  inside  surface  of 
a  cylindrical  crystallizer  with  two  flat  copper  plates 
at  the  speed  of  10.0000  rpm  [  2  ]  .  The  latter  was  of 
particular  interest  in  view  of  its  simplisity  and 
possibility  of  obtaining  films  v/ith  strongly  developed 
surfaces.  In  addition  there  was  an  opportunity  to 
study  surface  (  bouth  contact  and  free  )  layers  being 
cooled  in  different  thermal  conditions.  The  melting 
and  crystallization  camera  was  preliminarily 
evacuated  up  to  1.5  Pa.  Experiments  were  carried 
out  in  the  medium  of  spectrally  pure  argon  at 
pressure  of  0.4  Pa.  The  alloys  were  held  for  about  5 
minutes  at  the  temperature  being  60  -  1 00  degrees 
higher  that  of  liquidus,  then  the  melt  with  a  mass  of 
5-10  mg  was  poured  out  onto  the  surface  of  the 
rotating  crystallizer.  The  supercooled  alloys  were  5  - 
15  mm  long,  3-6  mrn  v/ide  and  2-30  fim  thick 
film  fi'agments. 

Taking  unto  consideration  strong  correlation 
of  cooling  rates  with  the  thicness  of  the  samples,  we 
have  determined  the  cooling  rates  as  the  fiinction  of 
time  of  various  thickness  melt  films.  The  regimes  of 
cooling  were  calculated  applying  the  following 
equation  of  thermal  condactiwty 


dJ 
d  T 
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,  5-T 

o  X 

where  %  -  thermal  conductivity  coeificient  The 
boundary  conditions  selected  correspond  to  the  case 
of  an  ideal  thermal  contact 


aT 

ax 


x  =  0 


=  0 


where  1  -  thickness  of  the  melt  film,  x  -  the  cross- 
section,  x=0  on  the  outer  surface  of  the  melt  film. 
The  analytical  solution  of  this  equation  is  given  in 
the  papers  [2,3],  The  results  of  the  calculations,  e  g. 
for  melt  composition  20  at.  %  Sb  are  presented  in 
fig.  la,b  where  one  can  see  that  for  bulk  layers  of 
the  melt  there  is  some  period  of  time  beyond  which 
the  temperature  maintains  practically  constant.  The 
highest  cooling  rates  are  reached  by  the  contact 
layers  reach  maximum  rates  some  time  later,  the 
values  of  the  cooling  rates  contact  and  bulk  layers 
being  several  orders  of  value  different  The 
presentee  of  maxima  on  the  dependece  curve 
LgV=f(T),  (Fig.2b)  coud  be  attributed  to  the 
gradient  of  the  heat  flow  between  the  contact  and 
outer  layers  of  the  melt  film  Theus,  during  the 
process  of  cooling  there  appear  sharp  dramatic 
gradients  of  cooling  rates  sidnificantly  affecting  the 
structure  of  alloys. 
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Fig.  1  a.  The  change  of  temperature  T  with  the  time  t 
for  melt  20  at.%  Sb  (continuous  line  -  i=30|.ik, 
broken  line  -  l=10p,k),  1  -  x=0.11,  2  -  x=0.51,  3  - 
x=0.91. 
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Fig.  lb.  The  change  of  cooling  rate  with  the  time  for 
melt  20  at.%Sb,  ( Bi-Sb). 


Fig.2a.  Distribution  curves  of  1  -  Se,  2  -  Te  along 
specimen  before  (a)  and  after  supercooling  (b)^ 

To  carry  out  the  X-ray  examination  the  melt 
films  obtained  were  divided  into  two  groups 
according  to  the  calculated  regimes  of  colling:  films 
15  -  20  pm  thick  and  films  not  more  then  5pm 
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thick.  This  gave  reason  to  believe  that  the  heat 
exchange  conditions  of  cooling  the  material  were 
the  same  The  X-ray  diffraction  analysis  was 
conducted  on  the  D-501  Siemens  diffractometer 
using  Cu  Ka  radiation.  The  preliminary  analysis 
indicated  that  the  initial  alloys  were  not  single-phase 
ones.  The  composition  of  supercooled  alloys  was 
determined  according  to  the  elementary  cell 
parameter  changes  taking  into  account  the  linear 
character  of  uts  change  with  conceentration.  Line 
profiles  with  relative  intensity  not  less  than  10% 
were  analysed.  The  overall  picture  for  alloy  systems 
Bi  -  Sb  and  Ge  -  Si  obtained  by  the  second  method 
is  as  follows:  the  diflfractogrames  of  films  5 pm  thick 
are  characterized  by  the  availability  of  a  distinct 
symmetncal  maxima  corresponding  to  the  initial 
composition  of  a  liquid  phase.  The  diffraction  peak 
shape  analysis  demonstrates  the  absence  of  liquation 
microinhomogeneity.  Thus  we  can  state  the 
formation  of  alloy  structures  according  to  a  non- 
diflfrision  crystallyzation  pattern  at  the  cooling  rate 
of  10®-10*K/s.  The  reprodusibility  of  the 
experimental  data  has  led  to  the  conclusion  that 
alloys  ennched  by  a  fusible  component  (up  to  30 
at%  of  the  second  component)  have  a  greater 
tendency  to  non-diffrision  crystallization.  For  Bi  -  Sb 
and  Ge  -  Si  films  25pm  thick  there  are  two  series  of 
diffraction  maxima,  this  being  the  evidence  of  two 
solid  solutions  enriched  by  the  first  and  the  second 
component  respectively.  Thorough  examination  of 
the  composition  of  solid  solutions  being  fixed  in 
thick  films  enabled  us  to  estblish  the  effect  of 
decomposition  of  the  primarily  solidifying  solid 
solution  to  two  constituents  -  the  solid  solution 
enriched  by  the  first  component  and  the  solid 
solution  close  in  its  composition  to  the  initial  one, 
enriched  by  the  second  component. 

To  carry  out  the  coparative  analysis  of  the 
inhomogeneity  level  of  synthesized  and  supercooled 
alloy  systemes  Bi2Te3  -  BiaSes  and  BoTes  -  Sb2Te3 
specimens  were  prepared  in  the  form  of  columns 
made  from  powder  by  pressing  were  examined  by 
means  of  the  local  X-ray  spectral  analysis 
usingmicroprobe  MC  -  46  Kameca,  The  synthesized 
material  was  subjected  to  prolonged  annealing 
(1420  hours).  Distribution  curves  of  Se  and  Te 
along  the  specimen  cross-section  are  shown  in 
Fig.2a,b.  The  rezults  obtained  show  that  the  level  of 
homogeneous  distribution  of  the  initial  components 
increases  substantially  with  the  solidification  of  the 
alloys  at  superrapid  cooling  rates.  These  results  of 
great  importence  for  the  technology  of 
manufactunng  materials  being  used  in 
thermoelectric  energy  transformers. 
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Transport  phenomena  peculiarities  caused  of  intervalley  and  interband 
scattering  of  charge  carriers  in  bismuth  type  crystals 
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rtiere  are  produced  systematic  investigation  of  transport  phenomena  in  bismuth,  antimony  and  Bi-Sb  alloys  single  crystals, 
including  doped  by  donor  and  acceptor  impurities,  in  wide  temperatures  interval.  There  is  discovered  general  law  in  temperature 
dependence  of  specific  electrical  resistance  of  these  crystals.  There  are  found  out  peculiarities  of  specific  resistance,  Seebeck 
coefficient,  including  double  change  of  Seebeck  coefficient  sign,  and  other  transport  phenomena  at  electontopological  transitions 
in  bismuth  type  semimetals,  when  at  change  of  doping  impurities  concentration  or  temperature  the  Fermi  level  passes  through 
energy  extremum  of  energy  bands.lt  is  shown,  that  in  bismuth  type  seraimetals,  having  complex  band  structure,  discovered 
general  law  in  temperature  dependence  of  specific  electrical  resistance  and  peculiarity  of  transport  phenomena  at  electron- 
topological  transitions  at  T  >  77  K  there  are  caused  by  predominance  charge  carriers  scattering  at  their  transitions  between 
equivalent  and  non-equivalent  extremum  of  energy  bands  with  participation  of  phonons. 


Introduction 

Temperature  dependence  of  specific  resistance  of  most  of  met¬ 
als  in  wide  temperatures  range  is  determined  by  phonon  mech¬ 
anism  and  is  described  by  universal  Bloch-Grunaisen  law  [1], 
The  mobility  of  charge  carriers  of  typical  semiconductors  at 
intravalley  scattering  by  phonons  depends  on  temperature  as 
u  ~  [1,  2].  It  is  might  expect,  that  such  temperature  de¬ 

pendence  of  mobility  for  crystals  semimetals  will  be  performed 
at  temperatures  T/©*  >  1,  where  0*  -  characteristic  temper¬ 
ature,  determining  by  dimensions  of  isoenergetical  surface  [2]: 

kB  ■  Q*  —h-kp-v,. 

Vs  is  a  sound  velocity.  For  bismuth  0*  10 A'. 

However,  as  it  is  followed  from  performed  to  present  time 
investigations  [3,  4,  5,  6,  7,  8,  9,  10,  18,  19]  temperature  de¬ 
pendence  of  specific  resistance  and  mobility  of  charge  carri¬ 
ers  in  bismuth  type  semimetals  don’t  accommodate  to  above 
laws  and  it  is  not  clears  what  mechanism  determines  relax¬ 
ation  processes  of  charge  carriers  in  semimetals  in  wide  range 
of  temperatures  [2]. 

In  present  work  there  are  produced  experimental  investi¬ 
gation  and  analysis  of  temperature  dependence  of  transport 
phenomena  in  crystals  of  Bi,  Sb  and  Bi-Sb  alloys  undoped, 
Te-doped  and  Sn-doped  at  T  >  77  K.  For  completeness  data 
of  other  authors  [5,  6,  7,  8,  9,  10,  11,  18,  19],  especially  at 
T  <1  77  K,  are  used  also. 

Experimental  procedures 

Single  crystals  of  Bi,  Sb  and  alloys  Bii_xSbx  were  grown 
method  horizontal  zone  recrystallization  at  passage  speeds  of 
zone  V  <  Q.5mm/h  and  temperatures  gradient  at  front  crys¬ 
tallization  G  <  20/m,  that  sufficient  degree  their  homogeneity 
ensured  [12],  Samples  for  measurements  were  cut  from  aver¬ 
age  part  of  crystal  ingots  by  electrospark  method.  To  remove 
destructed  surface  layer  sample  surface  was  etched.  Sample 
dimensions  were  2.5  *  2.5  *  12mm®  with  crystallographic  axes 
parallel  to  ribs  of  samples  and  longitudinal  axis  of  sample  par¬ 
allel  or  perpendicular  axis  C3. 

Stationary  measurement  of  transport  coefficients:  specific 
resistance,  Hall  coefficient  at  weak  magnetic  field  and  Seebeck 


coefficient  had  been  performed  in  temperature  interval  77-300 
K,  sometimes  -  in  interval  77-500  K.  The  relative  error  does 
not  exceed  5%. 

Results  and  discussion 

Temperature  (T/0)  dependence  of  reduced  specific  resistance 
p/p&  and  specific  resistance  p  undoped  Bi,Sb,As  crystals  in 
wide  temperature  range  there  are  presented  on  fig.  1,2.  Values 
of  Debye  temperature  0  for  Bi,  Sb  and  As  are  equal  121  K, 
211  K  and  281  K  [13],  respectively.  For  crystals  Bii_xSbx 
(fig.  3,4)  Debye  temperature  values  there  were  calculated  by 
linear  interpolation  method  and  were  accepted  independent 
from  doping.  Solid  line  on  fig.  2  correspond  values  pn  for 
bismuth. 

As  indicated  in  fig.  1,  universal  law  for  temperature  depen¬ 
dence  specific  resistance  of  bismuth  type  crystals  is  performed 
in  wide  temperature  range.  Agreement  of  reduced  resistance 
data  in  dependence  at  reduced  temperature  T/0  strongly  sug¬ 
gest  on  phonon  carge  carriers  scattering  mechanism.  However, 
it  have  distinctive  feature  from  Bloch-Grunaisen  law. 

In  contrast  to  the  most  metals,  universal  dependence  from 
reduced  temperature  T/0  is  performed  not  only  for  p/p©,  but 
also  for  absolute  values  of  specific  resistance  Bi,  Sb  and  As  in 
wide  temperature  range  T/0  >  T/0*  (fig.  2),  Specific  resis¬ 
tance  of  Bii_xSbx  crystals  for  all  (fig. 3)  including  doped  crys¬ 
tals  (fig.  4)  is  approached  to  this  law  in  range  of  reduced  tem¬ 
peratures  r/0  >  1.  In  addition,  temperature  dependence  of 
bismuth  and  antimony  specific  resistance  is  inconsistent  with 

P-T^  [2]. 

It  is  should  bases  believe,  that  found  out  law  in  behavior  of 
specific  resistance  of  Bi-type  crystals  are  caused  by  complex 
band  structure  ,  at  which  charge  carrier  extremums,  as  con¬ 
ductivity  band,  and  valent  band  there  are  located  in  k-space  on 
distances  order  dimensions  of  Brillouin  zone  and  prevalence  of 
charge  carriers  scattering  at  their  transitions  between  of  band 
extremums  with  phonon  participation  [15]. 

On  prevalence  intervalley  (recombination)  phonon  scatter¬ 
ing  in  Bi-crystals  at  T  >  15  A'(T  >  0*)  was  indicated  in 
electro-acoustic  investigations  [16]. 

Substantial  role  of  charge  carriers  scattering  at  transitions 
between  non-equivalent  extremums  with  phonon  participation 
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Fig.l.  Electrical  resistivityp/pg  of  Bi,  Sb,  As 
as  a  function  of  temperatur^/0 


Fig, 2.  Electrical  resistivity  of  Bi,  Sb,  As 

as  a  function  of  temperature  'l'/0. 


Fig. 3.  Electrical  resistivity  of  Bi  and  Bi<Te> 
as  a  function  of  temperature  T/0. 


follow  immediately  from  experimental  data  according  to  de¬ 
tection  anomalous  with  double  change-over  of  sign  Seebeck 
coefficient  and  increase  of  specific  resistance  at  switching  on 
in  transport  phenomenon  further  extremum  in  temperature 
range  T/Q  «  1  [17],  i.e.  at  electron-topological  transitions, 
that  there  is  displayed  especially  clearly  on  dependence  of  spe¬ 
cific  resistance  and  Seebeck  coefficient  from  contents  of  accep¬ 
tor  tin  impurities  in  Bi-Sb  crystals  (  fig.  5). 

fn  temperature  range  T/0*  >  1  specific  resistance  of  Bi¬ 
type  crystals  have  close  quantities  at  the  same  values  T/Q 
(fig.  2-3).  Thus  distinction  of  charge  carrier  concentration  n 
can  reach  2-3  order.  For  T/Q  —  I  charge  carrier  concentration 
of  for  Bi,  Sb,  As  to  take  equal  to  Te-doped  up  to  0.3  at.% 
bismuth  fo  tab.l. 


Table  1:  The  charge  carrier  concentration 


Materials 

Concentration 

i  Reference’ 

Bi 

Bi  <  10-^Te  >  i 

[3.4] 

Sb 

4.0  10''^'^m-^ 

As 

2.0-10^“m-^ 

[11] 

So,  in  temperature  range  T/0  >  1  universal  law  consists 
that  temperature  dependence  of  specific  resistance  described 
by  linear  law  p  ~  T’,s  =  1,  and  practically  does  not  depend 
on  charge  carriers  concentration.  Consequently,  specific  con¬ 
duction 

a  =  e  ■  n  •  u 

depends  on  temperature  according  to  law  cr  ~  T”^  and,  if 
charge  carrier  concentration  n  T^ ,  theirmobility  u  ~  T^,  z  = 
-{y  +  1),  i.e. 

{n-T)-^ 

ft  was  found  experimentally,  that  in  the  temperature  range 
80-300  K  s=l,  y=3/2,  z=-5/2  in  bismuth  crystals  [3]  and  s— 1, 
y=0,  z=-l  for  Te-doped  more  0.05  at.%  bismuth  crystals  [4]. 
Relation  z  =  —{y  -f  1)  at  various  y(x)  is  performed  well  and 
for  Bii_xSbx  crystals  [9], 

Such  dependence  occur  in  condition  of  intervalley  and  in¬ 
terband  scattering  predominance.  Possibly,  it  is  caused  by 
increase  intervalley  and  interband  phonon  phase  volume,  ow¬ 
ing  to  increase  of  isoenergetic  surface  area  at  increase  of  charge 
carriers  concentration  [15]. 

At  T/0  <  1,  universal  law  for  temperature  dependence  of 
specific  resistance  Bi,  Sb  and  As  there  is  performed  up  to 
temperatures  T/Q  >  0.1  or  T/0*  >  1  (fig.  1-2).  Specific 
resistance  doped  crystals  of  Bi-type  and  crystal  alloys  deflects 
from  universal  law  owing  to  prevalence  of  scattering  on  defects 
of  structure,  fluctuations  of  alloy  components  and  impurities, 
as  well  as  transition  some  alloys  to  semiconductor  state  [14]. 

At  high  temperatures  T/0  >  1  intervalley  scattering,  as 
and  intravalley,  results  in  linear  temperature  dependence  of 
resistance,  however  at  low  temperatures  T/0  <  1,  owing  to 
location  of  valleys  on  distance  of  dimensions  of  Brillouin  zone, 
should  be  observed  exponential  drop  of  resistance  at  temper¬ 
ature  decrease.  Some  investigators  allocated  exponential  part 
on  temperature  dependence  of  Bi  specific  resistance  [6].  How¬ 
ever,  it  is  necessary  to  take  into  consideration  participation  in 
scattering  acoustic  phonons  with  0  =  0;,  and  optic  phonons 
with  ©  =  0„.  For  Bi-crystals  =  43  A',  ©„  =  130  K  [16], 
and  in  wide  interval  of  temperatures  T  >  0*  specific  resistance 
of  Bi-crystals  is  described  by  function 
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Fig. 4.  Electrical  resistivity  of  Bi^ 

as  a  function  of  temperature  T/0 


0  1  2  3  4  5 

T/0 


Fig. 5.  Electrical  resistivity  (a)  and  Seebeck 
coefficient  (b)  as  a  function  of  Sn 
content  in  Bi  Sb  <Sn>.  T=80  K. 
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r  =  2l*T/©  +  S-/((r/0)-(0/0„))  +  C./((T/0)(0/0,)  (1) 

/(x)  =  {exp{x)  —  -  the  Boze- Einstein  functions  for 

acoustic  and  optic  intervalley  (interband)  phonons,  A  =  1.7  ■ 
B  =  1  ■  ■m,  C=:2.25  10"®fi'm. 

The  function  (1)  presented  solid  lines  in  fig.  3.  The  function 

(1)  values  is  consident  with  bismuth  specific  resistance  exper¬ 
imental  data  at  T  >  0*  with  less  than  5%  in  error.  It  is  good 
approximation  for  universal  law  of  temperature  dependence  of 
specific  resistance  of  bismuth  type  crystals  in  wide  interval  of 
temperatures. 

It  is  necessary,  however,  to  note,  that  in  semimetal  row  Bi, 
Sb,  As  increase  of  charge  carriers  concentration  and  increase 
of  Fermi  surface  closed  section  dimensions  until  their  merge  in 
arsenic  [20]  results  in  distinction  reduction  of  intravalley  and 
intervalley  scattering  laws,  to  smoothing  of  exponent  sections 
in  temperature  dependence  of  specific  resistance  and  reduction 
of  its  deviation  from  Bloch-Grunaisen  function. 

Conclusions 

So,  from  given  experimental  data  it  is  necessary,  that  in  wide 
interval  of  temperatures  0*  <  T  <  Tmeit  for  bismuth,  anti¬ 
mony  and  arsenic,  Q  <  T  <  Tmeit  for  doped  bismuth  type 
crystals  and  T  ^  B  for  Bi-Sb  alloy  crystals  specific  resistance 
of  bismuth  type  crystals  is  determined  by  number  phonons 
and  depend  only  slightly  on  the  concentration  of  charge  carri¬ 
ers.  Then  mobility  is  inversely  proportional  of  charge  carriers 
concentration. 

Possibly,  such  dependence  is  caused  by  predominance  of  in¬ 
tervalley  and  interband  charge  carriers  scattering  by  phonons 
and  increase  of  intervalley  and  interband  phonon  phase  volum, 
owing  to  increase  of  isoenergetic  surface  aera  at  increase  of 
charge  carriers  concentration. 

In  temperature  range  of  prevalence  intervalley  and  inter¬ 
band  scattering  by  phonons  additional  nonequivalent  band  ex- 
tremume  in  greater  degre  decrease  of  carge  carriers  mobility, 
than  increase  of  carge  carriers  concentration.  Therefore  at 
electron-  topological  transitions  possibly  rise  of  specific  resis¬ 
tance  and  occurrence  of  minimum  on  Seebeck  coefficient  con¬ 
centration  dependence  with  double  change  of  Seebeck  coeffi¬ 
cient  sign. 
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The  energy  spectrum  of  p-Bi2Te3  doped  with  In,  Tl,Pb  or  Sn  was  studied  by  measuring  of 
basic  transport  phenomena  including  Nermst-Ettingshausen  (N-E)  effect.  The  experimental 
data  was  used  for  determination  the  anisotropy  of  conductivity  and  Hall  mobility,  and  for 
estimation  the  energy  spectrum  parameters.  The  effect  of  deviation  from  stoichiometric 
composition  on  the  hole  density  of  Bi^Tes  doped  by  different  impurities  was  investigated. 


Introduction 

Bismuth  telluride-base  alloies  are  doped  by  II,  III  and 
IV  groups  impurities  in  the  small  quantity  for  the 
benefit  of  therraoelectrical  efficiency  icrea.sing[’'^].ln 
doing  so  electrical,  thermal,  mechanical  and  other 
physical  properties  are  changed.  The  content  of 
intrinsic  defects  and  carrier  concentration  is  changed 
too.  The  aim  of  this  research  is  to  study  the  physical 
reasons  along  with  technology  conditions.  The 
investigation  is  concerned  with  Bi2Te3,  material  with 
the  well  known  energy  band  spectrum  among  a'^B'^' 
compounds. 

Samples. 

We  investigated  both  single  crystals  and 
pt)lycrystalline  samples.  The  composition  of  the 
samples  is  described  by  the  chemical  formula 
(Bii.xMex)2Te3,  where  Me  =  In,Pb,Tl,Sn  and  x  varies 
from  0  to  0,03  (x=0,01  corresponds  to  6.10'^  cm'^). 
The  amount  of  impurity  dopant  introduced  was  within 
the  solubility  limit.  Single  crystals  were  grown  by  the 
directional  crystallization  method  or  by  the 
Chohralsky  method  with  liquid  phase  adding. 
Polycrystalline  samples  were  fabricated  by  the  metal- 
ceramic  method  at  a  compression  pressure  P  =  5  -  6 
metric  tons/cm^.  The  samples  were  annealed  at  a 
temperature  of  380  C  for  lOOh.  For  these  samples  the 
carrier  density  p  and  mobility  are  adjusted  by  the 
method  deseribed  in  paper  [^].  We  determined  the 


following  independent  components  of  the  transport 
tensor:  the  Hall  coefficients  R123  and  R321,  the 
thermoelectric  powers  Sn  and  S33,  the  electrical 
conductivity  an  and  the  Nemst-Ettingshausen  (N-E) 
coefficient  Q123  and  Q321.  In  this  notation  the  number 
3  indicated  the  trigonal  axis  of  a  crystal.  The  indices 
(subscrits)  of  the  coefficients  represented  the 
following,  in  the  order  they  appeared:  the  first  was 
used  for  the  direction  of  the  measured  electric  field, 
the  seeond  for  the  direction  of  the  electric  current  or 
the  temperature  gradient,  and  the  third  for  the 
direction  of  the  magnetic  field.  The  measurements 
were  carried  out  mainly  in  the  temperature  range  77  - 
420  K.  The  carrier  density  was  determined  from  the 
expression 

n,p  =  leR32i(77  K)|-'  (1) 

The  main  parameters  of  the  investigated  samples  are 
listed  in  Table  1.  The  temperature  dependences  of  the 
electrical  conductivity,  thermoelectric  power.  Hall  and 
N-E  coefficients  obtained  under  low  impurity 
concentration  (x<0,5  at.%),  were  similar  to  those  of 
undoped  p-Bi2Te3  samples.  We  observed  a  deep 
minimum  in  dependences  of  the  thermoelectric  power 
and  of  the  N-E  coefficient  on  the  hole  density  near  p 
~  (0,5  -  1)10‘^  cm‘^  with  increasing  In  density.  It 
should  be  noted  that  Hall  eoefficients  decrease  in  all 
temperature  range  for  single  crystal  sample  doped  by 
Sn  (x=0,05). 
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Tabic 


Sample 

No 

Impuity 

type 

X 

Structure 
of  sample 

Nimp, 

77  irvl't 
p  ,10 

-3 

cm 

oi  i/a33 

(100  K) 

md'" 

(120K) 

eV 

52 

In 

0.005 

single 

6.0 

1.25 

7.9 

0.48 

0.16 

5-3 

ditto 

0.005 

ditto 

6.0 

1.0 

3.5 

0.26 

0.16 

7-3 

ditto 

0.01 

block 

12.0 

0.54 

0.38 

0.15 

10-4 

ditto 

0.02 

ditto 

24.0 

0.57 

4.2 

0.23 

0.20 

14-4 

ditto 

0.03 

ditto 

36.0 

0.65 

4.2 

0.25 

0.13 

38-5 

Tl 

0.005 

single 

6.0 

0.56 

3.8 

0.2 

0.16 

46-4 

ditto 

0.01 

ditto 

12.0 

0.72 

1.8 

0.3 1 

0.13 

40-5 

ditto 

0.02 

ditto 

24.0 

1.06 

0.6 

0.4 

0.15 

41-6 

ditto 

0.03 

ditto 

36.0 

1.56 

_ 1 

0.13 

B-7 

Pb 

0,008 

single 

9.6 

4.6 

2.0 

0.63 

0.2 

89(2) 

Sn 

0.01 

single 

6.0 

0.85 

0.55 

0.21 

90(4) 

ditto 

0,025 

ditto 

15.0 

1.2 

1.0 

0.18 

91(2) 

ditto 

0,05 

ditto 

30.0 

0.65 

0.76 

0.21 

81(1) 

stech 

single 

0,95 

Discussioh 

The  obtained  experimental  results  allowed  to 
determine  the  doping  action  of  In,  Tl,  Pb  or  Sn 
impurities  in  Bi2Tc3.  Dependence  of  the  hole  density 
calculated  from  the  expression  (I)  on  the  density  of 
impurity  atoms  in  Bi^Te?  is  shown  in  Figl. 


Fig.  1  Hole  density  (p)  in  bismuth  telluride  doped 
with  Tl  (1),  In  (2),  Sn  (3),  Pb  (4)  as  a  function  of 
the  impurity  concentration  Nimp 

As  illustrated  in  Figl,  group  III  elements  show  weak 
electric  activity  :  indium  exhibits  a  donor  action, 
tallium  -  acceptor  (with  efficiency  ~  0,1  charge 
earrier/impurity  atom).  Group  IV  atoms  differ  in 
electrical  activity.  Data  obtained  for  Bi^Te?  doped  by 
lead  agree  well  with  those  observed  in  [^].  Lead 
activity  depends  on  its  site  in  lattice  and  could  range 


from  1 ,7  to  1 ,4.  Sn  at  x<(),025  ,  like  Tl,  is  weak 
acceptor  but  at  x>0.025  it  becomes  weak  donor. 
Energy  band  parameters  were  estimated  for  samples 
doped  with  Pb,  Sn  or  Tl  on  hole  density  less  than  1 
!0'^  em'^and  less  than  5  lO'^cm'^  for  BiiTcs  doped 
by  In.  At  these  hole  densities  we  found  that  the  one- 
band  model  could  be  used  at  temperatures  below  160 
K.  A  calculation  of  the  density-of-states  effective 
mass  of  holes  in  strongly  degenerate  samples  was 
carried  out  using  the  expression 

maVnirt  =  (3/7T)‘''^ft“/Tn"^'^e/k(Si  i-Qi23/(Ri23Cti  i))  (2) 

* 

The  results  of  a  calculation  of  mj  are  listed  in  Table 
1.  The  density-of-states  effective  mass  nid  was 
obtained  for  relatively  low  impurity  concentiation 
(<lat  %)  and  for  hole  densities  arranged  outside  the 
limits  of  Seebeck  and  N-E  effects  peculiarities.  This 
result  is  in  agreement  with  the  earlier  data  obtained 
for  indium  -  free  samples  [^’|.  The  band  gap  Ej.  was 
found  by  an  analysis  of  the  experimental  data  on  the 
N-E  effect  in  the  region  of  mixed  electron  -  hole 
conduction  both  from  the  temperature  dependence  of 
the  coefficient  Q123  and  from  the  carriei'-density 
dependence  of  the  temperfture  at  which  the  sign  of 
the  effect  was  reversed.  The  band  gap  determination 
was  described  in  details  in  When  indium  and 

tallium  concentrations  were  in  the  range  x<().025,  the 
value  of  eg  extrapolated  to  T=()  K  was  et.s().  16  eV. 
exactly  as  in  the  ease  of  undoped  Bi2Te3  |'’l.  These 
values  of  ma  and  8g  indicated  that  introduction  of 
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group  III  and  IV  aloms  in  amounts  up  to  0.5  at  did 
m)l  influence  on  the  parameters  of  the  energy  hand 
structure  in  any  significant  manner.  Sg  is  slowly 
increasing  in  the  samples  containing  more  then  0,5  at 
‘k  impurity  atoms.  In  lead-dopening  samples  it 
increases  up  to  0.2  eV.  and  decreases  up  to  0,1  eV  in 
the  samples  doped  by  In,TI  or  Sn.  It  could  be 
explained  by  solid  soiution  production.  It  should  be 
mentioned  that  the  minimum  in  the  hole  density 
dependence  of  the  thermoelectric  power  S  is  observed 
at  the  same  hole  densities  at  which  the  transport 
phenomena  begin  to  manifest  a  eontribution  of  the 
additional  valence-band  extrema  p''].  Therefore,  the 
appearance  of  the  minimum  can  be  explained  by 
inlcrband  scattering  of  carriers  ["‘l  under  In-impurity 
pi'cscncc  oi'  it  can  be  eonnetled  with  resonant  level 
exisluncc  in  the  vicinity  of  the  additional  valence- 
band  extrema. 

We  used  N-E  coefficients  for  anisotropy  electrical 
conductivity  estimation.  In  the  case  when  the  hole  gas 
is  degenerate  the  following  expression  takes  place: 

Ol23/Q.r2l  =(Rl23(7ll)AR2.2lCf33)  (3) 

The  ratio  aii/033  defined  from  (3)  shows  that  the 
electrical  conductivity  anisotropy  is  connected  with 
hole  density  like  in  p-Bi2Te2  1^’|.  It  should  be 
noted. thataii/CTi2  7  in  samples  doped  by  In  which  is 
higher  than  that  for  Bi2Te3  doped  by  T1  (on/acs  =  2). 
Probably  this  phenomenon  explains  thcrmoelectrical 
efficiency  decreasing  in  Bi2Te3<In>.  This  fact 
correlates  with  results  obtained  earlier  which  showed 
that  increasing  of  anyzotropy  decreases  the  efficiency 
parameter. 

Elements  of  group  III  demonstrated  different 
electrical  activity  in  Bi2Te3.  This  fact  is  closly 
connected  with  their  electronegativity  and  ion  radius. 
It  could  be  proposed,  that  the  effect  of  the  impurities 
on  the  intrinsic  defects  composition  will  be  different. 
We  investigated  the  effect  of  deviation  from 
stoichiometric  composition  on  the  Hall  hole  density 
of  BiiTe^  doped  by  Pb,  Sn  or  In  coincident  with  Pb. 
Results  are  represented  in  Fig. 2.  These  curves  have 
common  peculiarities.  A  deviation  Irom 
stoichiometric  composition  toward  an  excess  of  Te 
and  Bi  causes  a  sharp  decrease  in  the  hole 
concentratitm  which  leads  to  stabilization.  The  slope 
changes  on  the  curve,  which  corresponds  to  the 
transition  to  a  stabilized  current-carrier  concentration. 
It  can  be  explainee  in  terms  of  the  attainment  of  the 


solubility  limit  of  the  components.  In  samples  doped 
by  In  or  Sn  plots  for  the  Hall  concentration  are  alike, 
but  in  Bi2Te3  doped  by  Pb  it  is  higher.  On  the  other 
hand,  compound  solubility  region  for  samples  with  In 
and  Pb  is  more  wide  than  that  for  Sn-doped  samples. 
J.Pancir  et.al.  suggested  a  model  about  the  increasing 
of  the  bonds  polarization  in  Bi^Te^  on  substitution  of 
Bi  by  In.  Theoretical  outgrowth  of  this  model  allowed 


Fig. 2  Hole  density  (p)  versus  the  excess  of  tellurium 
Nte,ex  in  Bi2Tc3:ln  :Pb  (I),  Bi2Te;!:  Pb  (2),  BiiTe;?: 
Sn  (3). 


us  to  explain  experimental  data  obtained  in  |^|. 
Because  of  this  increase  in  the  polarisation  the 
probability  of  the  antistructure  Bi  iv  defects  formation 
becomes  suppressed  and  thus  hole  density  decreases 
under  increasing  In  concentration.  N-type  defects  in 
indium-doped  samples  arc  formed  upon  introduction 
of  exess  Te  and  Bi.  The  difference  in  the  numbei'  of 
defects  (3/2  defects  per  exess  Bi  atom  and  2/5  defect 
per  exess  Te  atom)  accounts  for  the  asymetric  nature 
of  the  curve  shown  in  Fig. 2.  The  distinct  level  of  the 
density  stabilization  for  In  (curve  I)  and  for  Pb 
(curve  2)  testifies  that  the  In  impurity  presence 
accounts  for  significant  increasing  of  atomic- 
polarization  and  atomic  bonds  more  than  the  Pb 
impurity  presence.  The  data  from  the  anisoti'opy  of 
the  eleetrical  conductivity  (011/033)  are  higher  in 
Bi2Te3  doped  by  indium,  which  verifies  the 
suggestion  described  above.  Dependence  of  hole 
density  from  excess  of  Bi  and  Te  in  Bi2Tc3  doped  by 
Sn  has  the  same  character  as  it  has  in  BiaTciiln,  but 
solubility  limits  of  the  components  ai'c  narrowed 
down.  Probably,  Sn  atoms  increases  the  polarization 
of  the  atomic  bonds  too.  Fig. 3  demonstrates 
temperature  dependence  ol  specilic  power  S"o  loi' 
samples  doped  by  vuricis  impurities  and  made  by 
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dilTcicnt  technology  methods.  As  it  is  seen  rn)m 
Fig. .A  crystals  with  low  defect  concentration  show  the 
highest  thcrmoclcclrie  cITicicncy.  These  crystals  were 
gnnvn  by  IMET  technology  based  on  Chohralsky 
method.  S'a.  as  a  ride,  is  decreasing  in  the  presence 
of  defcels  and  impurity  atoms.  Data  tiblaincd  for 
single  crystal  BiaTciiSn  are  exceptions  to  this  ride. 
These  crystals  have  the  most  Saa. 

This  work  was  supported  by  the  Russia  Higher 
Education  Stale  Committee  (Grant  No.  94-7.10-30.50). 
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Experimenta!  investigation  of  Ncrnst-Ettiiigshausen  effect  in  the  Antimony  I'eliiiricle 

M.  K,  Zhitiiiskaya',  S.  A.  Nemov.'.  S.  A.  Rykov'.  and  L.  D.  l\ano\a'^ 

'  State  Technica]  University,  29  Polytcchnicheskaya,  19525  I  St.  Petersburg,  Rus.sia 
"  A.  A.  Baikov  Institute  of  Metallurgy,  Russian  Academy  of  Science.,  Moscow,  Rmssia 

Tlie  Nenist-Ettingshausen  (N-E)  and  other  basic  transpoit  coefficients:  conductivity,  HalkSeebeck  and  its 
anisotropy  were  investigated  in  single  crystals  of  Sl^Te.?,  grown  by  Czohralsky  method. The  N-E  effect 
was  used  for  evaluation  of  the  band  structure  parameters.  Tire  particulaiity  in  behavior  of  the  kinetic 
coefficients  can  be  explained  on  the  basis  of  two  valence  band  model. 


Introduction 

In  recent  years  Sb2Te:!  is  studied  veiy  actively 
[1-5].  Tire  interest  to  this  compound  is  explained 
by  the  fact  that  it  is  basic  part  of  solid  solutions 
(Sbi.xBix)2Te3.  However  it  does  not  mean  that  energy 
spectmm  of  Sb2Te3  is  investigated  reliably.  The  series 
of  particularities  of  transport  coefficients  is  not 
explained  by  six-ellipsoidal  Drabble-Wolf  s  model  [6] 
even  when  Kane’s  nonparabolicity  and  scattering 
anisotropy  are  taken  into  account.  For  explanation  of 
dependence  thermopower  S  on  electroconductivity  a 
[7],  anisotropy  of  thermopower  at  low  temperature  [8], 
particularities  in  behavior  of  thennoconductivity  [9],  a 
big  effect  of  piezoresistivity  [10]  the  authors  of  these 
works  assumed  that  valence  band  consists  fiom  two 
subbands,  the  additional  extremum  with  smaller 
effective  mass  is  situated  at  the  centre  of  Brillouin  zone. 
Tlie  main  difficidty  lies  in  the  fact  that  Sb2Te3  has  big 
hole  concentration  which  is  changed  in  the  small 
inteiwal.  In  this  situation  Ilirther  investigations  of  basic 
transport  coefficients  of  Sb2Te3  are  appropriate. 

In  our  paper  the  results  of  experimental 
investigation  of  transverse  isothermal  Nenist- 
Ettingshausen  (N-E)  effect  in  the  perfect  single  ciystals 
of  antimony  telluride  with  geterovalent  (Sn)  and 
isovalent  (Se,  Bi)  impurities  are  presented. 

Experimental  procedure 

Tlie  single  ciystals  of  Sb2Te,3  were  grown  by 
Czohralsky  method  with  use  of  unique  technology 
developed  in  the  A.A.Baikov  Institute  of  Metallurgy. 
Tliese  ciystals  have  perfect  structure  with  considerably 
small  quantity  of  defects.  Tlie  density  of  dislocation  in 
these  ciystals  is  10^-10''  enf^,  i.e.two  order  below  than 
density  of  dislocation  in  ciystals  grown  by  directional 
crystallization  method.  Tlie  microdistribution  of  hole 
concentration  was  estimated  by  testing  of  thennopower 
coefficient  on  surface  of  single  ciystals.  Tlie  deviation 
in  values  thennopower  AS/S  was  less  than  0.025.  Tlie 


used  method  permits  to  get  big  ciystals.  Note  that  the 
size  in  direction  trigonal  axis  is  also  big  enough.  We 
have  begun  the  experiments  with  the  scanning  tunneling 
microscopy  (STM)  of  these  SlnTci  single  ciystals.  Oui' 
first  results  show  that  the  quality  of  the  cry.stal  surface 
is  veiy  high  and  the  STM  technique  can  be  useful  for 
the  study  the,se  objects.  The  STM  images  of  the  Sb;  fci 
surface  are  pre,sented  on  tlie  Fig.  I  (a  -  with  atomical 
resolution,  b  -  with  the  monolayer  steps). 


b) 

Fig.  1 .  STM  images  of  the  SlnTci  surface  (  a  -  atomical 
resolution;  b  -  monolayer  step)  at  300  K. 
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I 'able 

The  eleetrophysieal  properties  of  the  Sb2  l  ei  samples 


No.  samples 

Dopants 

Ni)  10'", 

cin"^ 

1  a20 

p  10  , 

.3 

cm 

md*/m„ 

1' 

A,  eV 

29 

- 

- 

1,21 

0,83 

0,3 

0,1 

100 

.  - 

- 

0,89 

0,88 

0,22 

0,12 

128 

Se 

6,2 

1,21 

1,05 

0,01 

0,08 

130 

Bi 

0,62 

1,36 

0,8 

0,29 

0,1 

125 

Sn 

1,24 

2,58 

0,7 

0,22 

0,1 

124 

Sn 

2,4 

3,68 

0,6 

0,37 

0,12 

ill  this  work  we  present  the  results  of 
experimental  investigation  of  transverse  isothernlal  N-E 
and  basic  kinetic  coefficients  in  Sb2Te^.  Our 
experimental  technique  gives  the  opportunity  to 
measure  at  evei^  sample  the  following  independent 
components  of  transport  tensors:  the  Hall  coefficients 
Rn,!  and  R:!2i,  the  thenuoelectric  powers  Sn  and  Si?, 
the  electrical  conductivity  Cn  and  the  N-E  coefficients 
Qi2?  and  Oi52.  hi  this  notation  the  number  3  indicated 
the  trigonal  axis  of  a  ci-ystal.  Tlie  indices  (subscripts)  of 
the  coefficients  represented  the  following,  in  the  order 
they  appeared:  the  first  was  used  for  the  direction  of  the 
measured  electric  field,  the  second  for  the  direction  of 
the  electric  cuirent  or  the  temperature  gradient,  and  the 
third  for  the  direction  of  the  magnetic  field.  We  used 
the  special  method  adapted  to  the  study  of  galvano-  and 
thennoinagnetic  properties  in  thenuoelectric  materials. 
The  measurements  were  carried  out  mainly  in  the 
temperature  range  77-450  K.  Tlie  carrier  density  was 
detennined  fiom  the  expression:  I  qRijil  '  [II]. 

The  main  parameters  of  the  investigated  samples  are 
listed  in  Table. 

Results  and  discussion. 

The  results  of  the  investigation  of  anisotropy 
and  temperature  dependencies  of  the  electrical 
conductivity,  thenuoelectric  power  and  Hall  coefficient 
of  undoped  Sb2Te2  are  in  a  good  agreement  with  those 
obtained  earlier  [12].  Tlie  temperature  dependencies  of 
the  all  kinetic  coefficients  are  shown  in  Fig. 2.  It  is 
evident  from  this  figure  that  sign  of  coefficients  Qni 


and  Q2?i  is  negative,  magnitude  and  its  anisotropy 
increase  with  the  rise  of  temperature.  The  isotropic 
theniiopower  at  low  temperature  (T=  100- 140  K)  and 
anisotropy  increasing  for  T  =  140  K  arc  obseivecl.  Tlie 
big  increase  of  Hall  coefficients  is  observed  at  the 
temperature  above  200  K  and  up  to  450  K.  We  explain 
these  particularities  of  kinetic  coefficients  in  a 
fiamework  of  two-valence  band  model.  Tlie 
temperature  dependencies  of  Q(T)  show  transition  to 
mixed  electron-hole  conductivity  at  the  temperature 
above  500  K. 

To  obseive  the  evolution  of  change  of  N-E 
coefficients  with  change  of  hole  concentration  we 
prepared  the  samples  of  Sb2Te2  doped  with 
geterovalent  (Sn)  and  isovalent  (Se,  Bi)  impurities.  Tlie 
hole  concentration  practically  does  not  change  when 
atoms  Sb  were  replaced  by  atoms  Bi,  and  atoms  Te 
were  replaced  by  atoms  Se.  Wlien  atoms  Sb  replaced  by 
Sn  we  obseived  the  increase  of  hole  concentration 
similarly  to  work  [3], Tlie  change  of  magnitude  Qn:^ 
with  introduction  of  the  different  atoms  are  showi  in 
Fig.3. 

Tlie  basic  particularities  in  behavior  of  kinetic 
coefficients  with  the  temperature  increasing  in  ail  doped 
samples  were  the  same  in  common  features: 

1.  the  coefficients  Q122  and  Q231  arc  negative, 
magnitude  and  its  anisotropy  increases; 

2.  the  anisotropy  of  thermopower  increases; 

3.  the  anisotropy  of  Hall  coefficients  is  not  very  big  and 
decreases. 

If  the  charge  caniers  of  one  tyjie  take  part  in 
transport  phenomena  the  anisotropy  of  N-F-  coefficients 
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c) 


d) 


Fig.  2.  The  temperature  dependences  of  the  kinetic  coefficients  of  Sb2Te3,  doped  Bi :  (a  -  Q,  b  -  R;  c  -  S; 
d  -  a).(sample  No  130). 


can  be  determined  by  anisotropy  of  Hall  coefficients 
and  anisotropy  of  electro  conductivity  under  certain 
conditions  Qiki=k/q-B-R,ki-akk.  The  value  of  the  ratio 
aii/a^  calculated  from  our  measurements  at  low 
temperature  region  for  sample  No.  29  is  hi  agreement 
with  date  received  in  straight  measurements.  Tliis  fact 
taken  together  with  thermopower  isotropy  at  (100  - 
140  K)  gives  us  an  opportunity  to  consider  the  value  B 
as  isotropic.  In  the  case  of  many-ellipsoidal 
nonparabolicity  model,  for  the  elastic  scatteiing  of 
carriers  and  for  criterion  of  strongly  degenerate  we 
used  the  follorving  relation:  Skk-Qiki/(Rikirtkk)  =  S„  for 
evaluation  density-of-states  effective  mass.  The  data 
rtid  deduced  from  our  calculations  are  presented  in 
Table . 


Tlie  formula  for  N-E  coefficient  can  be  written 
as  Q=Qi+Q2+Qi2,  where  Oi2~-exp(-Eg/koT)  (  S|-S2)x- 
x(Riai-R2a2),  if  charge  earners  two  types  take  part  in 
transport  phenomena.  Here  indexes  I  and  2  conespond 
to  1  and  2  bauds  or  conductive  and  valence  bands.  Tliis 
fonnula  makes  it  clear  that  at  the  acoustic  scattering 
(when  partial  coefficients  Qi,  Q2  <0)  the  increase  of 
negative  value  of  Q  can  occur  in  the  case,  when  lightly 
energy  band  is  located  below  than  heavy  energy  one.  At 
the  temperature  when  minor  earners  exert  the  strong 
influence  on  transport  phenomena,  the  magnitude  of  Q 
sharply  is  decreased  and  the  sign  of  Q  reverses  to 
positive.  The  procedure  of  extracting  of  term  Qn  is 
discussed  at  [13]  in  more  details. 
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The  experimental  results  were  used  for 
estimation  of  the  parameters  of  valence  band  of  Sb2Te3 
(see  the  Table),  The  particularity  in  the  temperature 
dependencies  of  kinetic  coefficients:  the  increase  of  R, 
negative  magnitude  Q,  anisotropy  S  with  rising 
temperature  are  observed  at  the  temperature  range 
200<T<500  K.  For  explanation  of  these  dependencies 
we  used  the  two  subbands  model.  Tire  estimation  of 
energy  gap  between  these  bands  gives  the  value  0. 1  eV. 
We  have  to  assume  that  the  earners  in  the  second  band 
have  smaller  effective  mass  and  larger  mobility  to 
explain  the  increasing  of  negative  magnitude  Q.  Tlie 
decrease  of  the  thermopower  and  the 
electroconductivity  with  the  rise  of  hole  concentration 
can  be  explained  in  the  framework  of  the  isotropic 
second  subband. 

Summaiy. 

The  N-E  effect  and  other  basic  transport 
coefficients  on  perfect  single  crystals  SbiTe^  were 
systematic  investigated.  Tlie  doping  action  of  Bi,  Se 
and  Sn  on  Sb2Te3  was  investigated.  Tlie  particularity  on 
the  temperature  dependence  of  N-E  effect  is  found. 
Tliis  particularity  unambiguously  indicates  on  the 
existence  of  additional  extremum  of  the  valence  band 
with  smaller  effective  mass  and  larger  mobility.  Tlie 
energy  gap  A  =  0. 1  eV.  The  estimation  of  the 
fundamental  energy  gap  in  the  temperature  region  with 
mixed  electron-hole  conductivity  gave  the  value  Eg  - 
0.27  eV.  At  low  temperature  (100  K)  the  hole  density- 
of-states  effective  mass  and  parameter  of  scattering 
were  estimated. 

Tliis  work  was  supported  by  the  Russia  Higher 
Education  State  Committee  (Grant  No.  94-7.10-3050), 
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Fig.3.  The  temperature  dependences  Q123  of  SbaTes, 
doped  Sn  (  No  124  -1,  No  125  -2  ),  Bi  (  No  130-  3  ), 
Se  (  No  128  -  4  ),  and  imdoped  (  No  29  -5,  No  100-6  ). 
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This  paper  presents  a  model  of  appearance  the  statistical 
inhomogeneities,  that  are  defined  by  the  phase  diagram  of 
equilibrium  in  Bi-Sb-Te  system.  The  statistical  deviation 
of  charge  carrier  concentration  from  its  average  value  is 
defined  by  dCri/dJa  slope  line,  that  is  tangent  to  the  so¬ 
lid  curve  at  the  crystallisation  temperature  and  depends 
on  the  solidus  line  form. 


Introduction 

The  stable  interest  to  the  (Bi  ,Sb) 
solid  solution  is  due  to  their  high 
thermoelectric  parameters.  Of  the  entire 
variety  of  (Bi  ,Sb)  solid  solution 

compounds,  the  (Bio.  ssSbo.-rs)  compounds 

produced  from  charges  containing  approAi- 
mately  2.5'/.  excess  tellurium  have  been 
considered  for  a  longtime  to  be  the  fittest 
materials  to  use  them  in  cooling  devices. 
The  lower  figure  of  merit  of  mate¬ 

rials  differing  in  their  chemical  com¬ 
position  from  the  above  mentioned  alloys  is 
attributed,  above  all,  to  the  growth  of  the 
lattice  related  component  of  thermal 
condukti vi ty ,  inherent  in  these  compounds 
when  their  chemical  composition  deviates 
from  this  section 

Recent  experiments  on  the  basic  of  the 
zone  melting  technique,  described  in  C13, 
showed  that  among  solid  solutions  belonging 
to  (Bi  i-K,Sb^}  :rTe^,  x>0.5,  sections  there 
are  no  solutions  with  poor  figure  of  merit, 
and  there  exists  a  temperature  for  each 
specific  section,  at  which  the  figure  of 
merit  assumes  its  maximum  value.  The 
authors  consider  the  creatidn  of  a  struc¬ 
ture  of  higher  homogeneity  to  be  one  of 
the  factors  that  allowed  to.  produce  mate— 
ials  of  higher  figure  of  merit. 

The  statistical  i nhomogengenei t i es  of 
concetraion  in  the  (BifSbJsTe^  solid  so- 
utions  considerably  affect  their  thermo¬ 
electric  properties,  and  the  neglect  of 
their  role  may  result  in  significant  errors 
in  the  interpretation  of  experimental  re- 
ults.  This  paper  propose  a  model  for  the 
formation  of  statistical  structural  micro- 
i nhomogenei ti es  that  emerge  during  the 
growth  of  solid  solutions  from  a  melt  and 
are  caused  by  the  influence  of  liquidus 
surface  shape  on  their  value.  This  model 
can  serve  an  explanation  for  the  effect  of 
an  increaseing  figure  of  merit  that  takes 
place  in  a  narrow  range  of  tellurium  con¬ 
centrations  in  the  melt  from  which  these 
solid  solution  have  been  produced. 

Theory 

The  inhomogeneous  distribution  of  a 
charge  carrier  concentration  in  semiconduc¬ 
tors  considerably  modifies  their  effectives 
parameters.  In  addition  to  the  reduction  of 
the  effective  energy  gap,  in  an  inho¬ 
mogeneous  medium  the  effective  Seebeck 


coefficient  and  electrical  conductivity 
decrease,  and  the  thermal  conductivity 
increases  12],  because  of  the  emergence  of 
vortex  currents,  bulk  Peltier’s  effects, 
etc.  These  three  parameters  in  total  de¬ 
termine  figure  of  merit  which  becomes  in  an 
inhomogeneous  medium  lower  than  in  an  ho¬ 
mogeneous  one.  The  effective  values  of 
thermoelectric  parameters  directly  depend 
on  the  relative  root-mean-square  deviation 
of  the  carrier  density  of  charge  from  the 
mean  value  <  <  Sn .)  >^  /  <n  >^ ,  and  they  decrease 
as  it  grows  121.  The  carrier  density  of 
charge  in  the  (Bi  fSb)  solid  solutions 

is  mainly  defined  by  the  ant i structure 
defects  that  appear  as  a  result  of  the 
deviation  of  the  solid  solution  chemical 
composition  from  the  stoichiometric  one 
13].  The  deviation  depends  both  on 
tellurium  concentration  in  the  melt  from 
where  it  is  crystallized  and  on  the  molar 
fraction  of  bismuth  telluride  and  antimony 
in  the  solid  solutions.  In  other  words,  the 
r el  at i onshi p 

<  (^n.>=>>/<r,>='=<  (Scs)^>/<Cs>^  (1) 


takes  place,  where  S  Cs  is  the  deviation 
of  the  chemical  composition  of  a  solid  so¬ 
lution  from  the  stoichiometric  one,  ex¬ 
pressed  in  percent  of  tellurium,  and 
<('8C5]-='>  is  the  root-mean-square  deviation 
of  tellurium  concentration  from  the  mean 
value  of  cpecimen  volume. 

The  reduction  of  the  effective  energy 
gap  in  a  inhomogeneous  thermoelectric  ma¬ 
terial  also  results  to  an  increasing  of  the 
thermal  conductivity  component,  due  to  an 
increased  of  bipolar  diffusion  of  charge 
carrier . 

The  concentration  inhomogeneities  in 
(BifSb}sTejt  are  mainly  related  with  the 
chemical  composition  fluctuations  of  the 
melt,  near  a  crystallization  interface.  It 
is  advisable  the  emergence  of  concentration 
inhomogeneities  in  solid  solutions  to  con¬ 
sider  in  depend  on  the  analysis  of  the 
direct  relationship  between  their  size  and 
the  characteristic  features  of  the  Bi-Sb-Te 
phase  diagram.  It  is  difficult  to  use 
directly  the  phase  equilibrium  diagram  to 
describe  crystallisation  process  in  such 
complex  systems.  Besides,  the  real 
crystallisation  is  essentially  non 
equilibrium,  whereas  the  diagram  describes 
equilibrium  process.  We  will,  therefore, 
use  phase  equilibrium  diagram  for  local  re- 
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gions  o-f  the  cr  ystal  1  i  sati  on  interface,  as¬ 
suming  that  the  equilibrium  is  locally 
achieved  at  any  moment  of  time. 

Isothermal  concentration  inhomogeneities 

The  component  distribution  along  the 
crystallisation  interface  in  the  process  of 
crystallisation  in  multi-component  systems 
may  have  a  fluctuating  character.  The  local 
regions  in  which  the  component  concentra¬ 
tion  differs  from  the  mean  value  may  be  in 
an  equilibrium  with  the  solid  phase  under 
constant  temperature  when  the  component 
diffusion  along  the  crystallisation  inter¬ 
face  is  hampered.  Then  one  can  use  the 
isothermal  section  in  the  Bi-Se-Te  system, 
to  describe  possible  micro-inhomogeneities 
in  the  solid  phase.  Such  sections 
corresponding  to  any  temperature  Ti  and  T* 
are  schematically  shown  in  Fig.l.  The  CD 
solidus  line  for  the  (Bi fSb) sTes  solid  so¬ 
lutions,  saturated  to  the  great  eKtent  with 
tellurium  at  temperature  Ti  is  conjugate 
with  the  EF  liquidus  line.  The  crystals, 
which  are  corresponded  to  the  solidus  of  b 
and  b'  compositions  (Fig.l)  and  are  in  the 
local  equilibrium  with  the  liquidus  of  a 
and  a’  compositions,  are  located  in  the 
different  points  of  the  correlations  of 
bismuth  and  antimony.  In  addition,  points  b 
and  b'  are  located  at  different  distances 
from  the  stoichiometric  section.  These 
solid  solution  regions  near  the 
crystallization  interface  are,  therefore, 
saturated  with  tellurium,  which  cor¬ 
responds  to  different  concentrations  of 
electrically  active  anti  structure  defects 
in  these  regions.  Thus,  spatially  inhomoge¬ 
neous  structures  with  a  statistical  distri¬ 
bution  the  carrier  densiti  of  charge,  and 
consequently  with  a  statistical  distribu¬ 
tion  of  thermoelectric  properties,  can 
emerge  near  the  crystallization  of  inter¬ 
face  provided  that  the  temperature  is 
constant . 


Te 


Fig.l.  The  schematic  image  of  isothermal 
section  part  belonging  to  a  equilibrium 
in  Bi-Sb-Te  system. 


Figure  1  shows  the  location  of  solidus 
line  for  the  case,  when  tellurium  solubili¬ 
ty  at  the  constant  temperature  T,  rises 
with  the  increase  in  the  molar  proportion 
of  antimony  telluride,  which  is  a  cha¬ 
racteristic  of  solid  solutions,  grown  from 
the  melt  small  deviated  in  its  composition 
from  the  stoichiometry.  The  increase  in  the 
tellurium  content  in  the  melt  lowers  the 
crystallization  temperature  T^,  and  the 
tellurium  maximum  solubility  curve  takes 
the  position  C'D'  (Fig.l).  Accordingly, 
paints  a  and  b  change  their  positions  for  c 
and  d,  respecively,  and  also  so  do  points 
a'  and  b'  for  c’  and  d' . 

Polythermal  concentr at i on 
inhomogeneities 

The  component  concentration  fluctuations 
near  the  cr ystal 1 i r at  i  on  interface,  may  be 
also  due  to  crystallization  temperature  va¬ 
riations.  There  can  exist  two  types  of  tel¬ 
lurium  solubility  in  the  (Bi,Sb)sFe3  solid 
solutions; the  conventional  one,  inherent  in 
solid  solutions  of  a  chemical  composition 
close  to  bismuth  telluride,  and  the  retro¬ 
grade  one,  inherent  in  solid  solutions  of 
chemical  composition  close  to  antimony  tel¬ 
luride  13,4].  The  intermediate  case,  which 
is  a  characteristic  for  solid  solutions 
close  to  (Bio.siaSbo.T-af  sTes  in  their  chemi¬ 
cal  composition  is  also  possible,  when  the 
tellurium  solubility  is  of  conventional  ty¬ 
pe  at  high  temperatures,  and  it  transforms 
into  a  retrograde  one  at  lower  temperatu¬ 
res.  The  mechanism  involved  in  the  formati¬ 
on  of  chemically  inhomogeneous  structures 
in  the  solid  solutions  with  conventional 
solubility  does  not  differ  from  the  one 
acting  in  the  solid  solutions  with 
retrograde.  Therefore  confine  ourselves  to 
the  consideration  of  the  phase  equilibrium 
diagram  with  conventional  solubility  only, 
and  then  go  over  to  diagrams  in  which  both 
types  of  solubility  are  available. 

Figure  2  schematically  shows  a  fragment 
of  the  polythermic  section,  typical  to  the 
BisTe3~Ts  quasi-  binary  system  C31.  A  S  Ct 
fluctuation  of  tellurium  concentration  in 
the  melt  causes  a  S  T®  variation  in  the 
crystallization  temperature,  which,  in 
turn,  results  in  tellurium  concentration 
variations  in  the  solid  phase 

^  dCa  dT a 

OCo= - SCt  (2) 

d7  o  dC 

where  dCs/dT^s  dCi./dTt.  are  angles  between 
the  temperature  axis  and  the  tangents  to 
solidus  and  liquidus  lines,  respectively, 
at  crystallization  temperature.  In  this 
case,  dT L— dT s • 

The  1 ocal i y-i nhomogenei ty  distribution 
of  tellurium  concentration  along  the 
crystallization  interface  will  result  in  a 
i nhomogenei tty  distribution  of  the  crystal¬ 
lization  temperature,  and,  therefore,  in 
the  interface  nonsmoothness  which,  in  turn, 
may  be  beginning  of  a  concetration  supet — 
cooling.  The  growth  interface  irregulai — 
ly  size  (Fig. 3)  will  be  defined  as 

^  n  =  Sr/ VT  (3) 
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where  yj  is  the  temperature  gradient  near 
the  growth  interface. 

The  dCa/dTis  derivative  assumes  maximum 
values  near  the  maximum  crystallization 
temperature  on  solidus  curves.  Temperature 


Tellurium  eoneentratba 


Fig. Z. The  schematic  image  of 
polythermic  section  belonging  to 
(B i ,Sb} sTen  -  Te  system  near  the 
stoichiometric  composition: 

a)  for  solidus  with  usual  solubi¬ 
lity  of  tellurium! 

b)  for  solidus  with  retrograde 
solubility  of  tellurium, 

oscillations  St  near  the  growth  interface 
or  f luctuati ons  S'Ci  of  tellurium  concentra¬ 
tion  in  the  melt  will  result  in  a  maximum 


fluctuation  value  ^  C®  for  the  tellurium 
solved  in  the  solid  solution.  At  this 
temperature,  however,  dTt/dCj.  reaches  a 
minimum  value,  which  will  to  some  extent 
reduce  the  influence  by  exerted  the  fluctu¬ 
ations  in  the  solid  phase  (equation  2), 

The  dCe/dTa  derivative  turns  to  zero  at 
temperature  To  on  a  solidus  curve,  contai¬ 
ning  segments  where  the  conventional  solu¬ 
bility  turns  into  a  retrograde  one  (the 
solidus  is  schematically  showh  in  Fig.  2b). 
The  Sc®  value  also  is  equal  to  zero  at 
this  temperature.  It  means  that  the  carrier 
density  of  charge  distribution  in  the 
(Bi fSb) ^Tes  solid  solutions,  produced  from 
the  melt  of  a  chemical  composition  corres¬ 
ponding  to  the  tellurium  solubility  transi¬ 
tion  point,  will  have  no  noticeable  micro- 
inhomogeneities.  The  growth  interface  may 
be  not  smooth  in  this  case. 


Fi g . 3. Schemat i c  image  of  interface 
which  explains  a  formation  of 
dendrites. 

Note  too,  that  S-  shaped  liquidus  C51 
is  usually  conjugated  with  a  retrograde  so¬ 
lidus,  and  there  exists  a  temperature  re¬ 
gion  on  this  liquidus,  where  dTs./dCs,=0, 
conjugated  with  the  point  on  the  solidus 
where  dCs/dTs-0.  Unfortunately,  the  experi¬ 
mental  data  available  does  not  allow  to  in¬ 
fer  the  existence  of  an  S-shaped  liquidus 
in  (Bi  ,Sb)  :rTejs,  although  its  shape  is  of 
great  interest  as  regards  its  influence  on 
the  formation  of  homogeneous  structure. 
Further,  the  minimum  micro-  i nhomogenei  ty 
of  tellurium  distribution  may  take  place 
not  only  in  the  case  of  a  retrograde  soli¬ 
dus,  but  also  when  the  tellurium  solubility 
does  not  depend  on  temperature. 

The  tellurium  solubility  in  (Bi,Sb):iTes 
depends  both  on  tellurium  concentration  in 
the  melt  and  on  the  proportions  of  bismuth 
and  antimony,  and,  therefore,  it  can  be 
expressed  as  a  function  of  the  tellurium 
distribution  coefficient  k  which  depends  on 
both  variables.  Then  the  spatial  inhomoge- 
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neity  amplitude  o-f  dissolved  tellurium 
concentration  is 


dk  di 


^  C  jr 


dk 

0 


(4) 


where  dk/dceis,  reflects  the  influence  of 
the  Sb^Tcs  (Co&)  concentration  on  tellu¬ 
rium  solubility,  SC  reflects  the  in¬ 
fluence  of  tellurium  concentration  on  the 
SbsTes  concentrati  on  iSbzTesj  distribution 
coeificient)  in  the  solid  solution,  and 
dk/OCa.  reflects  the  influence  of  tellurium 
concentration  on  tellurium  solubility  in 
the  solid  phase. 

The  first  item  in  equation  (4)  actually 
is  the  value  of  tellurium  solubility  in¬ 
homogeneity,  that  arises  at  constant  crys¬ 
tallization  temperatures,  and  the  second 
item  is  the  value  of  tellurium  solubility, 
that  arises  when  bismuth  and  antimony  pro¬ 
portions  in  the  melt  are  constant.  It  fol¬ 
lows  from  equation  (4)  that  these  inhomoge- 
neity  formation  mechanisms  are  independent 
of  each  other.  The  second  item  in  equation 
(4)  turn  to  zero  at  T=To  in  solid  solutions 
with  a  retrograde  solidus.  The  experimental 
data  available  on  the  Bi-Sb-Te  phase  equi¬ 
librium  does  not  allow  to  indicate  specific 
compositions  in  whicli  the  antimony  telluri- 
de  distribution  coefficient  is  independent 
of  tellurium  concern tr at  i  on .  One  cannot, 
therefore,  assume  the  $  C®  value  turn  to 
zero.  It  may,  however,  assume  minimum  valu¬ 
es  both  since  the  second  item  turn  to  zero 
and  since  the  first  item  reaches  a  minimum. 


Experiment  and  discussion 

The  ingots  under  investigation  were 
grown  in  evacuated  quartz  ampules  of  9  to 
12  mm  inside  diameter.  The  initial  charge 
components  purity  were  99.99.  The  chemical 
composition  of  the  loading  was  as  follows: 
( B i ^ ^  gS b ^  ei )  sfT 6 i  •  5%T B  p  C  Bi  c  „  a? 7” e 

. 5%Te ^  fSi . 5%T'e  .  The 
length  of  zone-  melted  ingots  was  9  to  12 
cm.  The  electrical  conductivity  along  ingot 
was  measured  at  intervals  of  1.0  cm  at  room 
temperature.  In  addition,  figure  of  merit 
was  measured  using  Harman  technique  in  the 
150  to  350  K  temperature  range  on  specimens 
of  3x3x5  mm  size,  cut  out  of  each  5  mm  long 
ingot.  At  the  same  time,  electrical  conduc¬ 
tivity  of  these  specimens  was  measured. 

All  ingots  had  cleaving  planes  preferab¬ 
ly  arranged  parallel  to  the  growth  directi¬ 
on  . 

When  the  model  with  experimental  data  is 
compared,  ttie  distribution  curve  for  figure 
of  merit  2  and  electric  conductivity  C 
along  ingots  fiave  been  interpreted  as  func¬ 
tions  of  tellurium  concentration  in  the 
melt.  To  do  that,  the  coordinate  value  on 
ingot  X  was  transformed  into  the  excess 
tellurium  concentration  value  using 
equation  (5)  [61 

Cc=Ca- (l^X/L)  (5) 

where  Ct  is  the  excess  tellurium  concentra¬ 
tion  in  the  melt,  Co  i s  the  excess  telluri¬ 
um  concentration  in  the  charge,  L  is  the 


melted-zone  length,  X  is  the  coordinate  on 
the  ingot.  Then,  the  excess  tellurium  con¬ 
centration  value  was  recounted  as  an  abso¬ 
lute  proportion  of  tellurium  in  the  melt. 

It  is  well  known  the  thermoelectric  pa¬ 
rameters  of  the  (BifSb^sTe^  solid  solutions 
depend  on  the  temperature  and,  in  addition, 
their  figure  of  merit  reaches  a  maximum  in 
the  temperature  region  in  where  thermoelec¬ 
tric  properties  were  investigated.  The  ma¬ 
ximum  depends  on  a  chemical  composite  of 
solid  solutions.  Therefore,  in  order  to 
draw  a  plot  of  both  figure  of  merit  and 
electrical  conductivity  as  function  of  tel¬ 
lurium  concentration  in  the  melt  it  is  re¬ 
quired  to  take  into  account  this  feature. 
..In  this  paper  these  dependences  were 
drawn  for  electrical  conductivity 

(Bio.aSbo.s-)  sTbs  at  temperature  180  K  at 
where  a  contribution  of  ambipole  diffusion 
of  charge  carriers  may  be  neglected  and  for 
figure  of  merit  at  temperatures  where  its 
value  is  maximum. 

Fig.  4  shows  these  dependencies  for  the 
(Bio.oSbo.s-)  xTbsi  solid  solution.  If 
C7-o=62.57.  in  the  melt,  figure  of  merit  of 
this  solid  solution  turns  to  zero  and  to 
sinking  of  charge  carrier,  changes  from 
positive  to  negative  one.  The  dependence  of 
conductivity  upon  tellurium  concentration 
is  linear  one.  The  tangent  angle  of  a 
straight  line  to  the  abscise  axis  in  hole 
semiconducting  area  is  more  than  that  in 
el ectr on . 

The  dependencies  of  both  the  maximum  of 
figure  of  merit  and  electrical  conductivity 
at  T=300  K  upon  tellurium  concentration  in 
the  melt  for  (Bi  s-,rSb„)  sTe  3  solid  solution, 
where  ir=0.5,  0.7,  and  0.78  are  shown  on 

Fig. 5. 

The  maxima  of  figure  of  merit  and  minima 
on  electrical  conductivity  appear  on  their 
curves,  if  tellurium  concentration  in  the 
melt  is  equal  62.5'/..  Both  figure  of  merit 
and  electrical  conductivity  of 

(Bio.aSbo.m) sTe^  solid  solution  are  not  de¬ 
pend  on  tellurium  concentration  in  the 
melt,  if  the  Cto  concentration  is  more  than 
627. . 

Within  the  frame  of  the  generally  adop¬ 
ted  model  of  doping  in  BisTe^  and  in  solid 
solutions  produced  on  its  basis,  the  depen¬ 
dence  of  electric  conductivity  upon  tellu¬ 
rium  concentration  in  the  melt  is  interpre¬ 
ted  as  the  dependence  of  tellurium  solubi¬ 
lity  upon  the  crystallization  temperature 
determined  by  chemical  composition  of  the 
melt.  I.e.,  the  character  of  electric  con¬ 
ductivity  dependence  upon  tellurium  con¬ 
centration  in  the  melt  is  defined  by  the 
solidus  shape.  It  follows  that  when  at 
Ct— 62-5/  Te  in  (Bio. oSb  o . s) sT  ^  3  (Fig-4), 

the  type  of  conductivity  in  solid  solutions 
changes  from  the  hole-  type  conductivity  to 
the  electron,  it  reflects  the  fact  that  the 
solidus  intersects  the  stoichiometric  flat¬ 
ness,  and  the  solidus  shape  is  similar  to 
that  shown  in  Fig. 2a.  The  linear  dependence 
of  concentration  of  tellurium  dissolved  in 
the  solid  solution  upon  that  in  the  melt 
practically  makes  the  statistical  inhomoge¬ 
neity  of  concentration  of  dissolved  tellu¬ 
rium  constant  in  the  whole  of  investigated 
range  of  component  concentrations,  if  the 


temperature  fluctuation  near  the  growth  in¬ 
terface  is  constant  value. 


sing  of  charge  carriers  is  changed  from  po' 
sitive  to  negative  C73. 


Fi g . 4 . Bpeci f i c  electric  conductivity 
(a)  and  figure  of  merit  (b)  measured 
at  180  K  for  (Bio.aSbo.s)  :rTe3s  solid 
solution  as  functions  of  tellurium 
concentration  in  zone  melt. 

As  it  is  well  known,  the  maximum  figure 
of  merit  in  fBi , Sbi should  be  observed 
when  the  electric  conductivity  is  close  to 
1000  ohm-'cm""*.  Therefore,  it  is  difficult 
to  explain  its  reducing  at  the  same  values 
of  conductivity  (Fig.  4)  but  that  are 
reached  at  low  temperature  as  a  result  the 
chemical  composite  approaching  of  the  solid 
solution  to  tlie  stoichiometry  where  the 


Fig. 5. Specif ic  electric  conductivi¬ 
ty  <a)  and  maximum  figure  of  merit 
in  150-350  K  temperature  region  (b) 
as  function  of  tellurium  concentra¬ 
tion  in  zone  melt: 

1  —  at) 

2  ( B 2  ^ ^  ^  jr  )  ^  f 

3  —  f  Bi  o- j  J 

The  parameters  of  solid  solutions  consi¬ 
derably  are  changed  in  a  very  narrow  range 
of  tellurium  concentration  variations  in 
the  melt  from  61.5  to  6351.  A  0.5'/.  variation 
of  tellurium  concentration  in  the  melt, 
equivalent,  according  to  C  8  ],  to  a  0.5  K 
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variation  of  the  crystallisation  temperatu¬ 
re,  may  be  comparable  with  the  amplitude  of 
the  tellurium  concentration  fluctuations 
near  the  crystal  1 i sati on  interface  (see 
equation  (1)).  The  inhomogeneity  of  the 
component  distribution  in  ingots  suggests 
that  the  sharp  reduction  in  figure  of  merit 
of  the  (Bio.eiSbo.z)  solid  solutions 

produced  from  melts  containing  61.5  to 
63.07.  Te  (Fig.  4)  may  be  due  to  presence  of 
regions  in  which  the  inhomogeneity  ampli¬ 
tude  of  the  charge  carrier  concentration  is 
comparable  with  the  value  of  the  concentra¬ 
tion.  Therefore,  the  regions  may  have  dif¬ 
ferent  types  of  conductivity,  and  figure  of 
merit  decreases  both  because  of  compensa¬ 
tion  and  because  of  the  growth  of  the 
ambipolar  diffusion  of  charge  carriers  in 
these  regions  are  presented.  As  the  chemi¬ 
cal  composition  deviates  of  the  solid  solu¬ 
tion  from  stoichiometric  point,  figure  of 
merit  increases. 

The  (Bi ,Sb) sTes  solid  solutions  enriched 
with  antimony  telluride  (Fig. 5),  are  cha¬ 
racterized  by  the  hole  type  conductivity. 
If  tellurium  concentration  in  the  melt  in¬ 
crease,  the  electric  conductivity  of  the 
(Bio.aSbo.si sTss  solid  solutions  first  de¬ 
crease,  then  its  reduction  decelerates,  and 
it  remains  practically  constant  after  the 
tellurium  concentr at i on  in  the  melt  reached 
62,07,.  It  means  that  the  charge  carrier 
concentration  in  this  solid  solution  beco¬ 
mes  independent  of  the  crystallization  tem¬ 
perature,  i.e.,  the  tellurium  solubility  in 
these  solid  solutions  reaches  saturation. 
In  this  temperature  range,  or,  equally,  in 
the  variation  range  of  tellurium  concentra¬ 
tion  in  the  melt,  the  tellurium  concentra¬ 
tion  fluctuations  near  the  growth  interface 
exert  practically  no  influence  on  the  dis¬ 
solved  tellurium  distribution  in  the  bulk 
of  the  solid  solution.  In  this  variation 
range  of  tellurium  concentration  in  the 
melt,  the  dCs/dTe  derivative  turns  to  zero 
(see  equ,  (8)),  and  figure  of  merit  reaches 
its  maximum  (Fig. 5). 

Tellurium  solubility  in  the  solid 
solutions  of  a  composition  close  to 
(Bio.ssSbo.TB) sTes  changes  from  the  conven¬ 
tional  type  in  the  solid  solutions  grown 
from  the  melt  of  near-stoichiometric  com¬ 
position  to  the  retrograde  type  in  melts 
containing  over  62. 8-63. OX  Te.  The  transi¬ 
tion  region  is  rather  broad,  which  can  be 
seen  in  Fig. 5  (curve  3)  in  which  the  depen¬ 
dencies  of  ttieir  electric  coductivity  and 
figure  of  merit  on  tellurium  concentration 
in  the  melt  are  shown.  Outside  the  transi¬ 
tion  region,  figure  of  merit  of  the 

ffiZo.  ssss^b^ o ^0-1  sT e 3  and  C B i ^  sT e ^  so 
lid  solutions  are  lower  than  that  in  the 
transition  region  where  the  dCs/dTei 
derivative  also  turns  to  zero  (Fig. 5). 

Thus,  the  proposed  model  for  the 
influence  of  the  solidus  surface  shape  on 
the  micro-inhomogeneous  distribution  of 
the  charge  carrier  concentration  finds  its 
experimental  confirmation. 

Similar  phenomena  of  the  dependence 
of  thermoelectric  properties  of  the 
(Bi ,Sb} zTss  solid  solution  on  the  chemical 
composition  of  the  melt  have  also  been  ob¬ 
served  in  [81.  The  increment  of  tellurium 
concentration  in  the  melt  was,  however,  ta¬ 


ken  to  be  too  big  in  this  investigation, 
and  the  sensitive  effects  of  variation  of 
thermoelectric  properties  remained  unnoti¬ 
ced.  In  the  experimental  data  given  in  this 
paper,  the  increment  of  tellurium  concent¬ 
ration  in  the  melt  was  determined  by  speci¬ 
men  length  and  by  the  zone  melting  process 
parameters.  According  to  (4),  the  tellurium 
concentration  variation  per  unit  zone  dis¬ 
placement  length  in  zone  melting  equals 


dCg_  C© 

dX  L 


(6) 


In  the  absolute  values  of  tellurium  con¬ 
centration  in  the  melt, 

dCi  Co 

- =  0.4 -  (7) 

dX  L 

When  the  length  of  specimen  used  to  mea¬ 
sure  thermoelectric  properties  X=5  mm, 

zone  length  6=20  mm,  and  Co  =  1.57.,  the  in¬ 
crement  of  tellurium  concentrati on  in  the 
melt  is  Ci.=0,1557.  in  two  adjacent  parts 
of  the  ingot  are  one  length  of  specimens 
apart  to  be  grown.  This  is  considerably  lo¬ 
wer  value  than  that  of  tellurium  concentra¬ 
tion  in  the  melt  in  the  specimen  produced 
by  another  authors,  where  it  was  equal  to 
57.. 


Conclusirn 

1.  A  model  is  developed  for  the  statisti¬ 
cal  inhomogeneity  formation  of  the  chemical 
composition  in  the  fSi ,  Sbl  3?7e.B  solid  solu¬ 
tions  grown  from  the  melt  in  which  compo¬ 
nent  concentration  fluctuations  take  place 
near  the  crystallization  interface. 

2.  The  greatest  figure  of  merit  is  obser 
ved  in  the  (Bi ,Sbf  sTea  solid  solutions 
grown  from  the  melt  at  the  crystallization 
temperatur es,  at  which  the  dCafdTm  deriva¬ 
tive  turns  to  zero  on  solidus,  and  accor — 
dingly,  at  which  there  take  place  a  minimum 
sensibility  to  both  chemical  composition 
fluctuations  of  solid  solutions  and  tempe¬ 
rature  fluctuations  near  the  crystallizati¬ 
on  interface. 
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THERMOELECTRIC  PROPERTIES  OF  n  -  Bi^Tcj  ^Se,  (x  <  0.4)  SOLID 
SOLUTIONS  IN  THE  RANGE  OF  TEMPERATURE  FORM  80  TO  300  K 

G.T.  Alekseeva,  M.V.  Vedernikov,  P.P.  Konstantinov,  V.A.  Kutasov,  L.N.  Luk'yanova 
A.F. Ioffe  Physical-Technical  Institute  ofRAS,  St.  Petersburg,  194021,  Russia 

Thermoelectric  properties  of  n  -  Bi2Te3.„Sex  (x  <  0.4)  solid  solution  doped  with 
superstoichiometric  Te  were  studied  in  the  range  of  temperature  from  80  K  to  300  K.  A 
change  of  (m’/m)^^^p„  parameter  (m  is  the  density  of  states  effective  mass,  p„  -  the  charge 
carrier  mobility)  from  temperature  is  shown  to  decrease  for  growth  of  x  value.  It  was 
established  that  the  figure  of  merit  Z  increases  in  the  n  -  Bi2Te3_,iSe,j  (x  <  0.4)  solid  solution 
at  x=0.3  in  comparing  with  x=0. 12  for  temperature  below  200K. 


Thermoelectric  materials  based  on  n  -  Bi2Te3_,(Se„ 
(x  <  0.4)  solid  solutions  have  been  widely  used  for  thermoelectric 
cooling  near  the  room  temperature  for  a  long  time.  Now  the 
problem  of  cooling  to  low  temperatures  using  with  many  cascade 
module  was  arisen.  From  published  data  [1]  and  our  investigation 
[2,3]  it  was  shown  that  AT^j,  value  may  be  reached  to  140-150° 
in  six-cascade  module  for  temperature  of  the  hot  seal  at  300  K. 
Therefore  studying  of  the  thermoelectric  properties  of  n  - 
Bi2Te3.,(Se,;  (x  <  0.4)  solid  solutions  in  the  range  of  temperatures 
from  80  to  300  K  is  very  important  because  the  different 
composition  of  the  solid  solutions  are  widely  used  in  many- 
cascade  module. 

In  the  present  investigation  electroconductivity  (a), 
thermoconductivity  (k)  and  thermoelectric  power  (a)  of  n  - 
Bi2Te3.„Sex  (  x  <  0.4  )  sample  of  solid  solution  grown  by  vertical 
directed  crystallization  method  without  concentration 
overcooling  were  studied  [4].  The  charge  carrier  concentration 
was  changed  by  deviation  of  stoichiometric  composition  with 
excess  of  Te.  The  additional  scattering  are  excluded  at  low 
temperatures  due  to  doping  of  halogens  (  CdCl2,  BiBrj,  etc.).  For 
measurements  of  thermoelectric  properties  thermal  flow  and 
electric  current  were  oriented  along  cleavage  planes  of  the 
samples. 

The  thermoelectric  parameters  were  determined  in  the 
range  of  temperature  from  80  to  300  K  [5].  Since  thermoelectric 
materials  were  studied  at  low  temperatures  (<200  K)  that  the 
interval  of  carrier  concentrations  was  limited  to  (  l-r5  lo'*  cm’^ ) 
and  almost  all  samples  have  a  mixed  conductivity  at  the  room 
temperature. 

Analysis  of  temperature  dependences  of  a,  a  and  ic  were 
carried  out  using  acoustic  scattering  mechanism  that  is 
predominated  in  these  materials  (scattering  parameter  is  equal  to 
r  =  -0.5  ).  The  value  of  the  effective  scattering  parameter  r^f  [6]  in 
these  solid  solutions  at  low  carrier  concentration  is  changed  from 
-0.4  to  -0.6  in  the  temperature  interval  80-300  K  and  therefore  the 
scattering  parameter  r  =  -0.5  may  be  used  for  qualitative 
evaluations. 

Temperature  dependences  of  experimental  (  ct  ,  a  ,  k) 
data  and  the  figure  of  merit  Z  in  the  solid  solutions  of  n  - 
BijTej.jSe,,  (  x=0.12,  0.3,  0.36  )  are  shown  in  Fig.  1-4. 
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Fig.l.  Temperature  dependence  of  the  thermoelectric  power  a 
(N1-N3)  in  n  -  Bi2Te3.xSej  solid  solutions,  x:  1-0,  2-0.3,  3-0.36. 
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Fig.2.  Temperature  dependence  of  the  conductivity  a  (N1-N3)  in 
n  -  BijTcs.jSe,  solid  solutions,  x:  1-0,  2-0.3,  3-0.36. 
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Fig.3.  Temperature  dependence  of  the  thermoconductivity  ic  (MI¬ 
NS)  in  n  -  Bi2Te3.xSex  solid  solutions,  x:  1-0,  2-0.3,  3-0.36. 


50  100  150  200  250  300 


T,K 

Fig.4.  Temperature  dependence  of  the  figure  of  merit  Z  (N1~N3) 
in  n  -  Bi2Te3.„Sex  solid  solutions,  x:  1-0,  2-0.3,  3-0.36. 


Analysis  of  a(T)  dependences  v.'as  peiformed  in 
accordance  with  expressions  from  ref.  [7]; 


4(2  7t  m  / 

n  =  7=  F,/2  (t]) 

VTt  n 


where  F,/2(ti)  is  the  Fermi  function; 


dependence  of  m  /m  on  temperature  explained  by  deviation  of 
a(T)  from  theoretical  dependence  (for  r  =  -0.5  and  m=const)  in 
the  different  solid  solutions  based  on  bismuth  telluride  [8].  The 
value  of  s  in  the  expression  of  rn‘  ~  T^  changed  a  sign  with  plus 
to  minus  in  the  solid  solutions  of  n  -  Bi2.,tSb,,Te3.ySey  [9].  For 
investigated  solid  solutions  the  value  of  s  is  equal  to  +0.1,  -0.1,  ■ 
0.12  for  x=0. 12,0.3  and  0.36,  respectively. 

Analysis  of  a(T)  dependences  with  account  of  the 
degeneracy  was  performed  in  accordanc.e  with  relation; 


F|^2(Ti,r)  2 

Fi/2(Tl,r)  -Jn 


(2) 


The  calculation  of  a’y(T)  v/as  shotvo  jo  decrease  the 
index  of  a  pov/er  in  the  expression  of  a  ~  T  .  Tnis  result  is 
qualitatively  agreed  with  changing  of  o'„  on  temperature  for 


constant  catTis.;-  concentration  and  acoustic  scattering  mechanism 
as  defined  in  [7]; 


•-i-3/2  *-S/2 

dlrKTj, 

~  1  m 

dhiT 

Some  difference 

of  s 

temperature  dependence.s  may  be  explained  by  additional 
impurihy  scattering  v/hick  arises  due  to  excess 
supsrstoichior+c'ric  Te  [10].  Thiic  the  change  of  nr  dependence 
(in  temtserahirc  leads  to  wealcettinc;  the  deoeadences  of  ofT)  and 
a(T)  [9]. 

As  krov/,'!.  the  figi-ire  of  merit  is  given  by; 


v/here  -  f.lie  charge  carrier  mobility  a3.id  K|  -  the 
theiTOOcondsctiviti/  of  the  crystal  latiics. 

Ternparature  dependence  of  (m°/m)2'’'jj,„  were  calculated 
from  ex-pcrimental  data  on  ct  and  a  wltii  account  of  arbitrary 
dege.prac^  for  acoustic  scaUering  mechanism.  'O'e  slope  of 
!n(m  /m)'  =  f(lnT)  curves  on  temperature  is  shown  to 

decrease,  however  k  considered  small  mtetval  of  x  the  ch.ange  of 
a  slope  is  slight.  The  value  of  din(:rii7in)^^^,i!,ydiaT  is  equ.El  to  1.4; 
1.3  and  1.25  fer  x=0.12,  0.3  and  0.36,  .respsetiveije  At  tiie  ro-orn 
temperature  for  ?i  ■■  Si2T'e,_,,Sa,,  saoiAc;  d'c  parameter  of 
(m  /rn)''^ji(,  is  continuously  decreased  w  v,  ••”v,"so  of  x  [10]  in 
the  range  of  the  impurity  coiiducSvity  A.  dependence 

but  only  at  '{>240-250  K  is  observed  for  Uis  E.SHipies,  studied 
hers.  Thus  the  solid  solutioiis  with  the  sariie  canier  CGi’.centration 
having  the  ffisxirnHtr!  value  of  parameter  (rji7rn)’^p„  at  indicated 
temperatures  aje  kept  its  a!, so  at  lov/  tempsrahires. 


Fs('n)  ^  lx^[exp(x  -ri)  + 1]''  dx 

0 

From  the  equation  (1)  the  temperature  dependence  of  the 
effective  mass  m  ~  T^  may  be  defined  for  n=const.  This 


A  whole  thermoconduotivity  in  tlie  ramge  of  impurity 
conductivity  is  deterrainsd  ss  sum  of  electron  and  lattice 
thermocondijctivity; 

(5) 

Tile  eleefron  thermocoisdsetivitj^  was  calculated  on 
Weidemaon-Franz  low; 
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K|=LaT  (6) 

where  L  -  Lorentz  number. 

The  temperature  dependence  of  K|  is 

K|  ~  T-T  =  T  (7) 

The  dependence  of  K|  (T)  in  the  solid  solution  of 
BijTe^.xSe^  is  decreased  and  for  s  =  -  0.2  Ki  value  does  not  change 
on  temperature  with  increasing  of  Se  concentration.  It  is  shown 
that  the  part  of  K|  in  a  whole  of  k  is  decreased  with  reducing  of 
temperature.  In  the  studied  material  the  ratio  of  kJk-,  is  equal  to 
0.15  in  the  range  of  temperature  to  80-100  K,  near  the  room 
temperature  this  ratio  is  increased  to  0.25.  Thus  the  main 
contribution  to  the  whole  thermoconductivity  of  k  is  determined 
by  K;.  The  temperature  dependence  of  K|  in  BijTej.^Se^  (  x  <  1  ) 
solid  solutions  is  changed  but  to  Kj  ~  T'  in  undoped  bismuth 
telluride  to  k  ~  in  BijTejSe  at  higher  Debye 

temperatureCTp).  Specific  dependence  of  Ki(T)  is  a  strong  change 
of  the  index  of  a  power  k  in  the  expression  of  K|  ~  T '  at  low  Se 
concentration.  In  the  investigated  of  the  solid  solutions  for 
x=0.12,  0.3,  0.36  the  |k|  value  were  shown  to  change  in  the 
interval  to  0.6-0, 8.  Thus  with  the  increase  of  Se  content  in 
BijTej.^^Se,  solid  solution  the  parameter  of  (mVm/^^Pt,  and  k, 
have  less  strong  dependence  on  temperature. 

The  value  of  ZT  determining  the  thermoelectric 
converter  parameters  is  given  by  relation  [11]: 

ZT  ~  Ps  const(m  /m)^”p„K'‘  (8) 

As  follows  from  the  expression  (7,8)  the  value  of  p  is 
proportional  to  T^  for  the  predominant  acoustic  scattering 
mechanism  independent  on  temperature,  effective  mass  and 
three-phonons  scattering  processes  (for  T  >  0d).  Since  in 
considered  solid  solution  these  assumptions  do  not  carry  out 
carefully,  it  is  evidently  that  the  change  of  P  parameter  is 
important  in  the  interval  to  80-200  K. 

From  calculation  of  P  parameter  it  was  shown  that  P(T) 
dependence  more  strong  for  x  =  0.12  (P  -  T*'^)  than  for  x=0.3 
(p  ~  t'  *).  So  as  p  has  closed  values  for  equal  doped  of  the  solid 
solution  at  temperatures  240-250  K  for  x=0.12  and  0.3.  It 
provides  the  essentially  more  figure  of  merit  Z  for  x=0.3  in  the 
range  of  the  temperature  below  200  K  (Fig.4). 

With  account  of  these  results  it  is  important  to  emphasis 
that  the  thermoconductivity  of  crystal  lattice  K|  at  300  K  is 
increased  with  growth  of  x  [12],  However  it  is  not  compensated  a 
weak  reducing  of  d  Inx,  /  d  InT  value  at  low  temperatures. 
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HETEROVALENT  REPLACEMENT  IN  Bi^Tej  :  (Sn,  Pb,  In)  SOLID  SOLUTIONS 

Alekseeva  G.T.,  Vedernikov  M.V.,  Konstantinov  P.P.,  Kutasov  V.A..  Luk'yanova  L.N., 

Ravich  Yu. I. 

A.F.  Ioffe  Physical-Technical  Institute,  S-Petersburg,  19402 1,  Russia. 

Electroconductivity,  Hall  coefficient  and  thermoelectric  power  temperature  dependences 
were  studied  in  Bi2Te3  :  (Sn,  Pb,  In)  solid  solutions.  Anomalous  reducing  of 
electroconductivity  temperature  dependence  may  be  explained  by  existence  of  the  impurity 
levels.  Stabilization  of  Fermi  level  and  slow  change  of  charge  carrier  concentration  are 
shown  to  observe. 


Influence  of  heterovalent  replacement  of  atoms  in  cation 
and  anion  sublattice  of  bismuth  telluride  on  transport  properties  is 
actively  studied  at  present  time  and  because  these  materials  of  p- 
and  n-  type  conductivity  can  be  used  in  different  thermoelectric 
converters.  Earlier  researches  of  heterovalent  substitutions  in 

materials  are  shown  to  exist  of  impurity  levels, 
stabilization  of  Fermi  level,  resonance  scattering  at  doping 
different  halogens  and  it  is  permitted  to  obtain  a  new  information 
about  energy  spectrum  and  scattering  mechanism  of  charge 
carriers  in  a''^B'^'  materials  [1].  Heterovalent  replacements  in  the 
cation  sublattice  of  bismuth  telluride  doped  with  In,  Pb,  Sn,  Ge 
were  studied  in  ref  [2-5].  The  influence  of  In  and  complicated 
doping  by  In+Cl  on  transport  properties  of  BijTej  was  studied  in 
ref  [3].  Some  peculiarities  in  the  dependence  of  thermoelectric 
power  a  on  carrier  concentration  n  may  be  explained  by 
existence  of  heavy  holes  (by  interband  scattering).  It  was  found 
in  ref  [5]  that  the  Fermi  energy  of  holes  in  the  high  valence  band 
increases  with  growth  of  x  in  Bi2.xSn„Te3  solid  solution,  the 
impurity  band  being  observed  near  the  top  of  a  low  valence  band. 

Present  investigation  of  electroconductivity, 
thermoelectric  power  and  the  components,  of  Hall  tensor  (P123, 
P321)  on  temperature  (77-300  K)  in  Bi2.xSn„Te3  (x=0.005,  0.01, 
0.02)  solid  solutions  doped  by  donor  impurity  of  CdCU  and  also 
in  Bi2.x.ySn„Pbj,Te3  (for  the  same  of  x  value,  y=0.005,  0.01,  0.02, 
0.03)  and  in  Bi2.xln„Te3  (x=0.005,  0.01,0.02)  were  considered. 
The  samples  for  measurements  were  grown  by  directed 
crystallization  method.  Monocrystal  samples  for  measurements  of 
the  Hall  coefficients  were  cut  from  polycrystalline  ingots.  A 
thermal  flow  and  electrical  current  are  oriented  along  cleavage 
planes.  Electroconductivity  and  thermoelectric  power  are 
measured  by  standard  stationary  method,  but  for  Hall 
measurements  alternative  electric  and  magnetic  fields  are  used 
[6]. 


The  temperature  dependences  of  a  and  a  in  Bi2.xSn,Te3 
samples  doped  by  CdCl2  are  shown  in.  Fig.  1-3.  The  dependence 
of  CT  (T)  with  growth  of  Sn  concentration  (undoped  by  CdCL)  is 
changed  from  metal  to  semiconductor  like-dependence  of 
conductivity  Fig  1.  The  conductivity  of  p-type.  Fig.  1(2,4),  is  kept 
in  the  materials  doped  with  CdCb  at  x=0.005,  0.0 1,  0.02 
(metallic  dependence  of  conductivity)  and  then  the  conductivity 
changes  to  n-  type  with  growth  of  donor  impurity  concentration, 
the  value  of  d  Ina/d  In  T  being  strongly  increased. 

The  temperature  dependence  of  the  thermoelectric 
power  is  also  reduced  in  p-type  materials  however  the  change  of 


a(T)  in  a  highdoped  n-type  material  differs  slightly  in  comparing 
with  BiiTej,  Fig.  3,  (3,  5,  7).  In  Bij.^.ySn^PbyTej  solid  solution  the 
increase  of  Pb  concentration  leads  to  change  of  specific 
temperature  dependence  of  conductivity  for  constant  Sn 
concentration  and  ct(T)  for  x=0.01,  y=0.01  and  0.03  have  less 
slope  in  comparing  with  Bi2Te3  :  Pb,  Fig. 3(8, 9). 
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Fig.  1.  Temperature  dependence  of  the  electroconductivity  ct  in 
Bi2.xSn,;Te3  solid  solution. 

x  and  CdClj  (wt.%)  :  N1  -0.005  and  0,  N2  -0,005  and  0.3,  N3  - 
0,00.  and  1,  N4  -0.01  and  0.15,  N5  -0.01  and  1,  N6  -0.02  and 
0.3,  1n7 -0.02  and  1. 


The  conductivity  with  account  of  degeneracy  a„(T)  were 
calculated  from  the  experimental  (a.o)  data  in  the  solid  solutions 
Bi2.,.^Sn,,PbyTe,.  The  value  of  ls|  (a„  -  T  '  T  was  close  to  0  in  the 
temperature  range  of  180-300  K,  With  increase  of  (.'dGI 
concentration  s  value  changes  from  -0.5  to  -1.4,  close  s  values 
being  also  found  for  Bi2,3.ySn„PbyTe3  solid  solution.  These  s 
values  were  different  from  specific  s  - -2  for  p-BiiTe,  and  s  ^ 
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-1.7  for  n-BiiTe,.  Analogous  decrease  of  the  thermoelectric 
power  on  temperature  in  the  Bi^.^Sn^Te,  samples  doped  by  CdCl, 
was  found  into  account  of  the  expression  lnF|,2  =  f  ln(T),  Fig. 3. 


Fig. 2.  Temperature  dependence  of  the  electroconductivity  a  in 
Bii.s.ySn^PbyTe,  and  Bii.^In^Te,  solid  solutions. 

Bii^^.ySn^PbyTe,  :  x  and  y  :  Nl  -0  and  0.01,  N2  -0.01  and  0.01, 
N3  -0.01  and  0.03. 

Bij.JnJej  :  x  and  CdCl2  (wt.%)  :  N4  -0.005  and  0.15,  N5  -0.02 
and  0.N6 -0.01  and  0.15.  N7 -0.02  and  0.6. 


The  temperature  dependences  of  Hall  tensor  components 
Pi2i  and  P321  (Fig.  4)  were  measured  in  Bij.^Sn^Te-,  and 
Bii.^.ySn^PbyTe-  solid  solutions.  For  undoped  samples  of  p-type 
solid  solutions  (Fig.  4,  curves  1,  6)  p,,,  and  P312  values  are 
weakly  reduced  with  growth  the  temperature.  The  Hall 
coefficients  were  significantly  reduced  with  growth  the 
temperature  with  doping  of  solid  solution  by  CdCU  (0.15  and  0.3 
wt.%).  Then  the  dependences  of  Pi23(T)  and  P2i2(T),  were 
decreased  with  increase  of  CdCl2  (lwt%)  in  n-type  samples  (Fig. 
4,  curve  4).  These  temperature  dependences  of  P123  and  p,,,  were 
qualitatively  agreed  with  ref  [4]  for  Bi2.,Sn„Te3  solid  solutions.  It 
is  known  that  the  Hall  coefficients  in  p-BijTe,  are  increased  on 
temperature.  Thus  the  dependences  of  pi23(T)  and  p3i2(T)  in 
Bi^.xSn^Te,  solid  solution  were  anomalous  a  due  to  increasing  of 
the  impurity  scattering,  the  impurity  levels  of  Sn  being  formed. 


Some  peculiarities  of  the  thermoelectric  properties  of 
Bii.JiTTe-,  system  were  observed  for  heterovalent  replacement  in 
cation  sublattice  (Fig. 2, 3).  In  spite  of  In  like  as  Sn  are  a  weak 
electroactive  impurities  for  Bi2Te, ,  it  was  shown  that  ~  T ' 
dependence  differs  only  by  s  value  from  ones  for  BijTej  (s  = 
-1.5)  in  the  samples  with  close  charge  carrier  concentrations.  The 
thermoelectric  power  temperature  dependences  of  a(T)  in  the 
samples  n-  and  p-type  with  low  charge  carrier  concentrations  are 
closed,  and  for  highdoped  samples  of  n-type  the  dependences  of 
a(T)  are  significantly  reduced. 

Strong  decrease  of  mobility  of  charge  carriers  in  n- 
Bi2.JnJ'e2  85Seo  15  solid  solution  for  addition  a  small  quantity  of 
ill  [7]  is  supposed  to  induce  additional  charge  carrier  scattering, 
due  to  heterovalent  replacement  of  In  to  Bi.  Peculiarities  of  the 
Hall  mobility  and  a(  T  )  dependences  on  carrier  concentration  in 
Bii.Jnffe,  [  3  ]  and  cr(  T  )  dependence  in  Bi2.xSn„Te3  solid 
solution  [5]  are  explained  by  the  existence  of  resonance  levels, 
placed  near  a  top  of  additional  extremum  of  a  valence  band. 
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Fig. 3.  Temperature  dependence  of  the  thermoelectric  power  a  in 
Bij.xSn^Tcj,  Bf.x.ySn^PbyTej  and  Bi2.xIn,,Te3  solid  solutions. 
Bi2.xSnxTe3  :  x  and  CdCU  (wt.%)  :  Nl  -0.005  and  0,  N2  -0.005 
and  0.3,  N3  -0.005  and  1,  N4  -0.01  and  0.3,  N5  -0.01  and  I,  N6  - 
0.02  and  0,  N7  -0.02  and  I . 

Bij.x-ySnxPbyTe,  :  x  and  y  ;  N8  -0.01  and  0.01,  N9  -0.01  and  0.03. 

Bij.xInJCyixtNl  0-0.02 

It  is  known  that  a  Hall  coefficient  for  Bi2Te3,  measured 
in  a  weak  magnetic  field  is  related  to  charge  carrier  concentration 
in  the  form: 

AB 

n  = - 

P  12.1  ^ 


(I) 


'Ai’icic  A(r,,,.  1])  -  Mall  factor.  B  -  anisotropy  parameter,  depending 
on  scattering  mechanism: 


(Hi'cidl)  -  degeneracy  parameter,  p,,,  -  the  components  of 

resistivity  and  magnetoresistivity  tensors,  r]  -  a  reduced  Fermi 
level. 
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p,23  (  N 1,  N2.  N4,  N6-N8  )  and  pj.j  (  N3,  N5  )  in  Bi2.,Sn  Jcj  and 
Bii.x.ySn^Pbj.Tcj  solid  solutions. 

Bi3.,Sn,3  e,  :  x  and  CdCi,  (wt.%)  :  Nl  -0.005  and  0,  N2  -0.005 
and  0.3,  N3  -0.005  and  0,3,  N4  -0.005  and  1,  N5  -0.005  and  I, 
N6  -0.02  and  0,  N7  -0.01  and  0,15. 
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In  accoidancc  with  the  expression  (I)  a  charge  cairier 
concentration  was  evaluated  in  the  samples  of  n-  type  solid 
solutions  using  A(ry(-  ,  q)  and  B-parameters  from  ref  [8]  for 
BiiTC;.  It  was  shown  that  in  Bin.^Sn^Te,  (x=0.005)  solid  solution 
the  charge  carrier  concentrations  n  were  equal  to  1 .3  10''*  cm"'  for 
0.6  wt.%  CdCI,  and  1.6  lO'*  cm"'  for  1  at.%  CdCl2,  respectively. 
Whereas  n-value  in  n  -  BijTe,  +  1  wt.  %  CdCI,  is  equal  to 
9.2  10"*  cm"'.  Thus  a  stabilization  of  the  Fermi  level  and  slow 
change  of  carrier  concentration  are  shown  to  exist  in  the  studied 
solid  solutions. 
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PHONON  THERMAL  CONDUCTIVITY  OF  THE  THERMOELECTRIC  BI-SB  ALLOYS 
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The  jilionon  ihcnnal  conductivity  of  Bi-Sb  alloys  is  separated 
and  its  temperature,  Sb  atoms  concentration,  lateral  dimensions 
of  the  samples  dependences  are  analyzed.  The  cleelron-phonon 
interaction  in  these  alloys  is  discussed.  The  e.xpcrimental  results 
for  the  thcnnal  conductivity  arc  compared  with  the  theory'  of 
thermal  conductivity  for  insulators. 


Iiitrodiictiuii 

The  increase  of  the  thcnnoclcclric  ciricicncy  of 
materials  can  be  obtained  by  the  decrease  of  thcnnal 
eonduelivity  (k)  at  nearly  constant  electrical  properties  - 
thennoelcctric  power  and  electric  conductivity.  The 
semiconducting  Bi-Sb  alloys  have  high  values  of 
thennoelcctric  power  and  electric  conductivity,  so  it  is 
important  to  investigate  the  ways  to  dimini.sh  their  thcnnal 
conductivity. 

The  total  thcnnal  conductivity  includes  electron 
and  phonon  thcnnal  ccnductivity.  A  classically  high 
magnetic  field  allows  to  suppress  the  electron  component 
and  hence  to  separate  the  two  components  of  thcnnal 
conductivity.  At  low'  temperatures  the  electron  component  of 
K  ol'  the  alloy  is  a  negligibly  small  part  ol'  the  total 
thcnnal  conductivity,  at  high  temi)craturcs  both  components 
arc  of  the  same  order  of  magnitude.  We  consider  only  the 
j>honon  thcnnal  conductivity. 

Bi  consists  of  only  one  isotope  and  there  is  no 
isolo|)ic  ))honon  scattering  which  substantially  reduces  the 
value  of  thcnnal  conductivity  at  low  temperatures,  so  this 
element  is  a  good  model  material  for  the  phonon  thcnnal 
conductivity  investigation.  Bc.sidcs  iJcrl'ect  Bi  single  crystals 
arc  available. 

We  use  the  tenn  "clean"  insulator  lor  a  material 
in  which  phonon  scattering  on  dill'crent  lattice  delects, 
impurities  and  isotopes  is  substantially  weaker  than 
phonon-phonon  scattering  as.sociatcd  w'ith  the 
anharmonicity  of  lattice  oscillations.  As  w'as  pointed  out  by 
Paicris  the  final  value  of  the  thcnnal  conductivity  is 
dctcrinincd  not  by  the  normal  processes  of  the  phonon- 
])honon  scattering  w'ith  the  energy  and  momentum  of  the 
phonons  being  conserved,  but  by  the  umclapp-proccsscs,  in 
which  phonons  give  their  inoincntum  to  the  lattice  as  a 
whole.  The  probability  of  thc.se  umclapp-proccsscs  is 
exponentially  small  at  low'  temperatures,  this  results  in 
cxi)oncntial  temperature  dependence  of  thcnnal  conductivity. 
This  theory'  has  been  proved  in  experiments  with  Bi  [1,  2]. 


Pliunoii  scattering  in  "dirty"  insulator 

Starling  from  pure  Bi  the  binary  alloys  BiuxSbx  can 
be  prepared,  which  allow's  to  investigate  the  dependence  of 
the  value  of  Ihcnnal  conductivity  on  the  concentration  of  Sb 
atoms,  w'hich  are  point  defects  in  these  alloys  [3],  We 
investigated  alloys  w'ith  the  relative  concentration  of  Sb 
()<x<0.16  at  temperatures  2<T<3()0  K.  The  monocryslalline 
samples  w'ith  the  dimensions  4x4x40  mm’  w'ere  used  for  the 
measurements.  These  dimensions  give  rise  to  the  maximum 
olThennal  conductivity  located  at  Tm  =  4  K. 

The  lcm])crature  depeudenees  of  k  for  the  alloys  of 
dili’ercnt  composition  arc  |)rcsenled  on  Fig.l.  The  increase  of 
Sb  concentration  leads  to  the  decrease  of  thermal 


conductivity  relative  to  its  value  for  pure  Bi.  Temperature 
dependence  of  k  for  Bi  follows  cx|)onential  law'  at  Tm  <T<I0 
K,  and  power-law  for  the  Bi-Sb  alloys.  For  O.OK<x<0.16  the 
thcnnal  conductivity  depends  on  T  as  T  '*'’.  At  temperatures 
higher  than  the  Debye  temperature  (Oi)Sl2()K)  k  ~  T  '  for 
pure  Bi,  w'hcrcas  for  the  alloys  k  ~  T  "  w'hcrc  (x<l.  For  the 
alloys  with  Sb  concentration  !),08<x<0. 16  asl/3. 


Fig.l  Temperature  dependence  of  the  phonon  Ihennai 
conductivity  K22(T)  of  singlc-ci^stal  samples  (VTHCi)  of 
bismuth-based  alloys  The  figure  imludcs  also  the 

follow'ing  dependences  on  the  concentration  ol  Sb  in  Bii-xSbx 
(0.085<x<0. 1 5)  alloys:  8  -  tlicnnal  conductivity  at  T=7  K  (k 
~  x-2'’ );  9  -  at  the  ma.ximum  thcnnal  conductivity  for  T=4  K 
(km  ~  x  ’''*  );  10  -  phonon  relaxation  lime  Tini(x);  11  - 

Tph(x)=coiist.  1  -  pure  bismuth  [2];  2-7  -  Bii.xSbx  alloys  of 
the  compositions  x=0. 00 1  (2),  0.085  (3),  0.1  (4),  0.12  (5), 
0.135(6),  0.15(7). 
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The  dependence  of  the  llicnnal  conductivity  on  tlic 
concentration  of  Sb  atoms  is  as  important  characteristic  of 
the  alloy  as  is  the  temperature  dependence.  The  phonon 
scattering  on  Sb  atoms  depends  on  the  following  function  of 
relative  concentration 


1 

I  (P|!l -p,Sb) 

L  J 

Pfii 

For  the  values  of  atom  masses  (m)  and  densities  (p  )  of  Bi 
and  Sb  the  values  of  function  C  are  very  close  to  the  those  of 
X  for  x<0.16.  As  one  can  see  from  Fig. 2  thcnnal 
conductivity  depends  on  Sb  concentration  hyperbolically;  at 
low  concentrations  (0.01<x<0.1)  k  ~  C->'2,  at  higher 
concentrations  (0.1<xs0.16)  k  ~  C-2/’. 

At  temperatures  lower  than  ©d  there  is  a 
maximum  on  the  temperature  dependence  of  k  both  for 
"clean"  and  "dirty"  insulators.  The  temperature  dependences 
of  K  mentioned  above  are  characteristic  for  the 
temperatures  higher  than  the  temperature  of  the  maximum 
and  are  caused  by  phonon  scattering  in  the  bulk  of  the 
insulator.  At  temperatures  lower  than  the  temperature  of 
tlic  maximum  the  phonon  scattering  on  the  boundary  of  the 
sample  becomes  an  important  factor.  The  dependence  of  the 
thcnnal  conductivity  on  the  lowest  dimension  of  the  sample 
is  an  additional  characteristic  in  the  investigation  of  the 
phonon  scattering  processes. 


where  i  -  the  phonon  branch  number,  one  of  them 
longitudinal  (1)  and  two  of  them  transverse  (t),  vj  -  tiic  sound 
velocity,  =<!''(  -  the  ])honon  frequency,  Nn  -  the  Plank 

distribution  function,  T:(fai|)  -  the  relaxation  time,  which 
includes  both  the  phonon-impurity  (tim)  and  the  phonon- 
phonon  (xph)  relaxation  times 

^  '(®q)  =  ■^rn'(f>'q)  +  Tpl' (f’q)  •  (3) 


Fig. 2  Phonon  thennal  conductivity  K22(x)  of  Bii-xSbx 
(0<x<0.16)  alloys  at  T=10  K  as  a  function  of  the  relative 
antimony  concentration  x. 


The  dependences  of  the  thennal  conductivity  for  the 
alloy  Bio,88Sbo.i2  on  the  temperature  and  the  lowest 
dimension  d  are  presented  in  Fig. 3.  The  dependences  of 
KM  on  d  in  pure  Bi  and  in  the  alloy  are  differ  from  each 
other.  In  the  alloy  km  depends  on  Sb  atoms  concentration 
as  KM  ~  as  it  is  shown  in  Fig.l. 

Let  us  consider  the  k(T)  dependence  on  Fig. 3  at 
T>T M  .  k(T)  does  not  depend  on  d  in  a  certain  temperature 
region  only  for  d>3  mm.  This  observation  allowed  one  to 
obtain  the  above  mentioned  power-law  temperature 
dependence  of  k  ,  which  is  detennined  by  bulk  phonon 
scattering  process  only. 

In  the  isotropic  Debye  model  the  thcnnal 
conductivity  is 


3(27:)^ 


0  Oi 


(2) 


Fig. 3  Temperature  dependence  of  the  phonon  thcnnal 
conductivity  K22  of  a  Bin  sRSbn  n  alloy  (VTH  Ci)  for  samples 
with  various  tran.svcrse  dimensions.  1  -  di-3.18  mm,  d2=^3.3 
mm,  d=(dixd2)''2  -3.2  mm;  2  -  di-2.3  mm,  d2=2.0  mm, 
d=2.2  mm;  3  -  di  =  1.33  mm,  d2=1.15  inm,  d=1.24  mm;  4  - 
di=0.99  mm,  d2=0.8  mm,  d=().88  mm. 


The  scattering  of  phonons  on  im])uritics  depends  very 
shaq)ly  on  the  phonon  frequency  [4] 

Tm(Wq)  =  A-C-02q  (4) 

In  the  "dirty"  insulator  the  scattering  of  phonons  on 
impurities  dominates  the  phonon-phonon  scattering. 
However  we  have  to  hold  the  tenn  XpJ,(oi,i)  in  the  equation 


(3),  because  this  time  depends  much  weaker  on  the  phonon 
frequency  than  Xi,n(®q)  allows  one  to  avoid  the 

divergence  of  the  integral  (2)  on  the  lower  limit.  The  main 
contribution  to  the  integral  (2)  is  due  to  those  subthcrmal 
phonons,  for  which  the  intensity  of  the  phonon-phonon 
.scattering  equals  the  intensity  of  the  phonon-impurity 
.scattering. 

For  the  transverse  low-frcqucncy  phonons  the  most 
important  processes  arc  the  attachment  of  a  .subthcnnal 
traiKsvcrse  phonon  (t)  to  a  thcnnal  longitudinal  phonon  (1), 
accompanied  by  the  fonnation  of  a  longitudinal  thcnnal 
phonon  (I)  and  the  inverse  decay  process; 

tph(®q)  =  B-®q  ■T‘'  -[l-t-fY  1)']"'  •  (5) 


[3,5] 


The  calculation  of  the  integral  (2)  leads  to  the  result 


n,  -k-n-t-fy  ^)  ] 


3^'^-n-v-T'’'- -(A-C)^'- -B’'^ 


(6) 


where  k  -  the  Boltzman  constant,  ni  -  the  number  of 
transverse  branches  (nt=2). 


It  is  a  more  complex  matter  to  determine  xph  because 
wc  have  to  take  into  account  the  Herring  ])roccsses,  which 
incoq)orate  the  symmetry  of  real  cry'stals,  where  the 
degeneracy  of  two  Iransvercc  branches  is  possible.  In  the 
Herring  process  a  subthcnnal  longitudinal  phonon  (I) 
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altiiclics  to  a  transverse  thermal  phonon  (ti)  with  the 
fonnation  of  a  transverse  thennal  phonon  of  the  other 
degenerate  transverse  branch  (tj)  [4].  However  the 
consideration  of  these  scattering  processes  leads  to  ki  ~ 
T-dn(T/Ti))  [6],  this  temperature  dependence  dilTcrs  very 
much  from  the  experiment  ally  obtained  and  we  do  not 
discuss  this  contribution,  which  value  is  presumably  very 
small. 


The  power-law  k(T)  dependences  (6)  coincide  with 
the  experimental  ones  for  the  alloys  with  x>0.08  at  T<<  0d 
and  at  T»  0d  as  well.  For  these  alloys  the  k(C)  dqtendcnce 
(6)  iilso  coincides  with  the  experimental  one.  Tlie  fractional 
power-law  dependences  of  k(T,C)  have  been  first  detennined 
in  [3], 


In  order  to  investigate  the  dependence  of  k  on 
tiiinsvcrsc  dimension  we  have  found  a  solution  of  tlie  kinetic 
equation  for  the  phonons  in  the  finite  cylinder  with  radius 
d/2.  The  boundary  phonon  scattering  have  been  supposed  to 
be  dilVusivc.  Calculating  the  total  energy  flux  and  averaging 
it  over  the  circular  cross  section  of  the  sample,  wc  can  get  the 
following  e.xpression  for  maximal  thennal  conductivity  [3,5] 

k  ■d'^‘* 

KM  =0.0562-  3,^  .  .  (7) 


(AC) 


3/4 


The  power-law  dependences  KM(d,C)  in  the  equation  (7) 
coinside  with  the  experimental  ones.  So  we  can  stale  that  the 
thermal  conductivity  of  Bii  xSbx  alloys  at  0.08<x<0.16  can  be 
satisfactory  described  by  the  theory'  of  "dirty"  insulators  both 
at  the  maximum  of  temperature  dependence  and  at  T>Tm  . 

The  comparison  of  the  theoretical  dependences  (6,7) 
and  the  experimental  ones  allowed  us  to  obtain  relaxation 
times  for  the  phonon-phonon  and  phonon-impurity 
sciittcring.  The  coefficients  in  the  equations  (4)  and  (5)  are 
A=2.2xl0-‘*'*  s\  B=l.7xl0^  K-*,  y=3.6.  The  obtained 
relaxation  times  can  be  used  for  the  description  of  kinetic 
phenomena  involving  subthcnnal  phonons. 


The  eicctrou-phonoii  scattering 


The  alloys  of  Bi  with  Sb  isovalcnt  atoms  have  been 
doped  by  electrically  active  Te,  Sn  impurities  leading  to  the 
creation  of  free  charge  carriers  and  to  the  additional  source 
of  scattering  for  phonons.  Hence  the  thennal  conductivity 
depends  on  the  charge  carriers  characteristics  -  their  cficctivc 
mass  and  concentration  [7].  Doping  by  Tc  atoms  strongly 
increases  the  electron  concentration,  doping  by  Sn  atoms  - 
the  hole  concentration.  As  is  shown  on  Fig.  4,  5  phonon 
scattering  on  these  charge  carriers  substantially  reduces  the 
thennal  conductivity  at  T<10  K. 

The  parabolic  electron  dispersion  law  leads  to  the 
following  expression  for  the  electron-phonon  relaxation 
lime  in  degenerated  semiconductors  and  metals  [8] 


I  _  U^-m^-q 
2n-ti^  -p 


(8) 


where  U  -  the  constant  of  the  defonnation  potential,  m  - 
electron  elTcctive  mass,  /iq  -  the  phonon  quasimomentum. 


When  scattering  of  phonons  by  electron  dominates, 
substitution  of  equation  (8)  in  equation  (2)  leads  to  the 
quadratic  temperature  dependence  of  thennal  conductivity. 
The  observed  maximum  in  the  temperature  dependence  of 
phonon  thennal  conductivity  of  the  semiconductor  is 
determined  exclusively  by  phonon  scattering  in  the  bulk  of 
the  sample,  while  in  an  insulator  it  is  detennined  by  phonon 
scattering  by  the  boundaries  of  the  sample. 

In  p-type  alloy  charge  carriers  are  heavy  Z  -holes 
with  the  cficctivc  mass  0.9mo  and  wc  can  use  parabolic 
cqtiiilion  (8)  for  the  calculation  of  k.  In  the  region  of 
quadratic  dependence  of  k  on  temperature  the  thennal 


conductivity  does  not  depend  on  the  hole  concentration.  For 
n-type  alloys  we  used  a  nonparabolic  and  anisotropic 
electron  dispersion  law  of  Kane's  model 
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where  Eg  -  the  band  gap,  lUi  -  the  electron  cITectivc  masses 
along  three  mutually  perjtendicular  axes.  Then  for  the 
electron-phonon  relaxation  time  we  get  [7] 


^  U^-q-N-(mimpn,/'V  2p 


Te  = 


271  •  ft  '  •  p 


1+- 


(10) 


where  p  -  the  electron  chemical  potential,  N  -  the  number  of 
ellipsoids  with  the  electron  dispersion  law  (9).  Due  to 
equation  (10)  k  dqtends  on  electron  concentration  even  in 
the  region  of  parabolic  temperature  dependence  of  k. 


Fig. 4  Experimental  data  on  the  temperature  dependence  of 
the  phonon  thennal  conduetivity  K22  (2,  4,  7)  and  of  the 
conductivity  022  (11-13)  for  Bin.^Sbn  1  samples  Nos. 1-3 
(],  VTIICi).  Values  of  the  ])honon  thennal  conductivity  arc 
computed  taking  into  account  scattering  by  electrons  (3,  5,  6, 
8,  9)  and  neglecting  scattering  of  phonons  by  electrons  (I). 
Curve  10  -  electron  component  of  the  thennal  conductivity 
for  sample  No. 2.  a  -  Calculation  K22  according  to  Eq.(21)  [7] 
with  D=4xl0'’  s'K'  and  dilTcrcnt  characteristic 
temperatures:  ©c  =4  K  (3),  5  K  (5)  (curve  5'  represents  the 
contribution  of  the  first  integrals  of  Eq.(21)  to  K22  and  curt'c 
5"  represents  the  contribution  from  the  second  integral)  and  6 
K  (6):  b  -  Calculation  of  K22  according  to  Eq.(21)  [7]  with 
D=8xl0<'  s  'K  ' and  dilTcrcnt  characteristic  temperatures: 
©e  =6  K  (8)  (curve  8'  represents  the  contribution  of  the  first 
integrals  of  Eq.(21)  to  K22  and  curv'c  8"  represents  llic 
contribution  from  the  second  integral)  and  8  K  (9). 
Parameters  of  the  samples:  1  -  ni  =8.6x10'^  cm’, 

mdi.(EF)/m()=0.045;  2  - 112  =1.4x  lO'"  cm  ’,  indHEp  )/mo=0.42; 
3  - 113  =4.5x101’  cm  ’,  m(iL(Er)/m(i  =0.62. 
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According  to  llie  experimental  data  for  k  (Figs.  4 
and  5)  the  phonon  Ihcnnal  conductivity  doe.s  not  exhibit  a 
parabolic  dqjendence  as  the  temperature  decreases  to  2  K, 
but  only  approaches  it.  For  this  reason  in  this  temperature 
range  one  has  to  take  into  account  the  scattering  of  phonons 
not  only  by  electrons  but  also  by  impurities,  by  the 
boundaries  of  the  sample  and  by  one  another. 

Consideration  of  the  contribution  to  the  thcnnal 
conductivity  of  all  phonon  scattering  processes,  which  have 
com|)arable  values,  were  perfonned  by  numerical 
calculations  [7].  The  Debye  temperature  0d=9OK  was  used 
for  the  transverse  branch  and  ©d=135K  for  the  longitudinal 
branch.  The  phonon-impurity  relaxation  time  was  taken 
from  [4j,  the  phonon-phonon  collision  time  for  the  transverse 
branches  -  from  [5],  For  the  longitudinal  branch  Herring's 
relaxation  lime  was  used,  value  of  which  was  selected  in  the 
course  of  calculations.  Proper  choice  of  the  parameters 
allowed  us  to  adjust  calculated  and  experimental  data  on 
thcnnal  conductivity  for  the  alloys  with  low  carrier  densities, 
the  contribution  of  longitudinal  branch  was  found  to  be 
negligibly'  small.  At  the  consideration  of  electron-phonon 
relaxation  it  should  be  noted  that  only  those  phonons 
interact  with  the  electrons  whose  quasimomentum  is  less  or 


Fig.5  Experimental  data  on  the  temperature  dependence  of 
the  phonon  thermal  conductivity  K22  (2,  4,  7)  and  the 

conductivity  022  (8-10)  for  Bio.88Sbo.12  samples  Nos.1-3 
(j,  VTIICi).  The  phonon  thermal  conductivity  K22  was 
calculated  neglecting  scattering  of  phonons  by  electrons  (1) 
and  taking  into  account  scattering  of  phonons  by  electrons; 
the  calculations  were  perfonned  using  Eq.(21)  [7]  with 
D=8xl0'>  s-’K-'  and  different  characteristic  temperatures:  ©c 
=5  K  (3),  6  K  (5),  and  8  K  (6).  The  curves  5'  and  6'  represent 
the  contribution  to  K22  from  the  first  integral  of  Eq. (21),  and 
curves  5"  and  6"  represents  the  contribution  from  the 
second  integral.  Parameters  of  the  samples:  1-  pn  =1.6x10''' 
cm'*  (mdL(EF)/mo=0.033);  2  -  pL2=4xlO'^  cm'* 

(indi,(EF)/mo=0.13),  pT2  =2.5x10'''  cm-*  (mdT(EF)/mo=0.14), 
P!:2  =4.5x10'*  cm-*  (m!;/mo=0.9);  3  -  prs  =1x10'*  cm-* 
(indi.(EF)/mo=0.17),  pT3  =9x10''*  cm*  (mdT(EF)/mo=O.I6), 
Pj;.!  =1.5x1 0's  cm-*  (mE/mo=0.9). 


equal  to  the  twice  the  electron  momentum.  Hcncc  the 
integrals  on  phonon  frequencies  can  be  divided  into  two 
integrals:  the  first  takes  into  account  phonons  with  the  energy 
not  exceeding  ©^  =  2p,,.  v',  which  scatter  on  electrons,  and 
the  second  one  takes  ittio  account  phonons  with  the  energy 
higher  than  ©j ,  which  do  not  scatter  on  electrons. 

Consideration  of  the  contribution  of  electron- 
phonon  scattering  with  the  relaxation  time  (10)  leads  to  the 
satisfactory  agreement  of  calculated  atid  experimental  data 
in  the  temperature  region  tiear  the  thcnnal  conductivity 
maximum.  We  continued  the  calculated  curves  of  thcnnal 
conductivity  towards  temperatures  lower  than  2  K,  where 
these  curves  showed  quadratic  temperature  dependence  due 
to  predomination  of  electron-phonon  scattering.  As  it  can  be 
expected  at  these  low  temperatures  the  Ihennnl  conductivity 
for  p-type  alloys  docs  not  depend  on  the  hole  concentration, 
but  for  n-type  alloys  it  depends  on  the  electron  concentration. 


Conclusions 

The  phonon  thennal  conductivity  in  semiconducting 
Bii-xSbx  alloys  (0.08<x<0. 16)  can  be  very'  well  described  by 
the  theory  of  "dirty"  insulators  with  the  frequency  of  phonon- 
impurity  scattering  exceeding  that  of  phonon-phonon 
scattering.  In  semiconducting  alloys  doped  with  electrically 
active  impurities  the  characteristics  of  phonon  scattering 
processes  detennined  above  were  supplemented  by  taking 
into  account  the  electron-phonon  scattering  process  with 
nonparabolic  dispersion  law  for  the  electron  energy. 
Numerical  calculations  lead  to  the  satisfactory  description  of 
thennal  conductivity  in  the  whole  temperature  range  where 
the  electron-phonon  scattering  exists. 
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THEKMOELECTRIC  EFFICJENCY  OF  SEMICONDUCTING  BI-SB  ALLOYS 


N-A-Redlco 

A.F.loffe  Physical-Technical  Institute,  St. Petersburg,  1 94021,  Ru.^sia 


Physical  reasons  wliich  lead  to  the  dilTerence  of' the  thennoelectric 
efficiency  of  the  n-  and  p-type  braches  of  the  thennoelements 
made  of  Bi-Sb  semiconducting  alloys  are  discussed. 


The  semiconducting  Bi-Sb  alloys  have  high 
thennoelectric  efficiency  (Z>5xl0-^  K-')  [1,  2,  3,  4]  and  are 
used  as  n-branches  for  low  temperature  thennoelements.  Our 
experimental  data  for  the  temperature  dependences  of 
thennoelectric  power  (a),  resistivity  (p),  thennal  conductivity 
(k)  and  thermoelectric  efficiency  for  semiconducting  n-  and 
p-type  Bii-xSbx  (0.12^x<0.14)  alloys  are  presented  on  Figs.  1, 
2.  Our  investigations  of  semiconducting  Bi-Sb  alloys 
elucidated  the  origin  of  high  thennoelectric  efficiency  of  n- 
branch  and  low  thennoelectric  efficiency  of  p-branch. 


Fig.l  Temperature  dependences  of  the  resistivity  p3.r-(l), 
the  thennal  conductivity  K33  -  (2),  the  thennoelectric  power 
a33  -  (3)  and  the  thennoelectric  efficiency  Z33  -  (4)  for  p- 
Bio.ssSbo.n  alloy  (VT,  j  1 1 C3 ,  pr  =1.6xl0>^  cm-^  at  T=4K). 

It  was  shown  experimentally  by  many  authors,  that 
in  the  region  of  intrinsic  conductivity  the  thennoelectric 
power  of  semiconducting  alloys  is  always  negative  [1,  4-7], 
the  sign  of  the  thennoelectric  power  at  low  temperatures  in 
the  region  of  extrinsic  conductivity  can  be  either  negative  or 
])ositive  according  to  the  type  of  doping.  The  experimental 
data  of  the  temperature  dependence  of  the  thennoelectric 
power  for  the  n-  and  p-type  semiconducting  Bii-xSbx  alloys 
(Egi.,  Ex,  El)  [8]  presented  on  Fig.  3  clearly  show  the 
transition  from  extrinsic  conductivity  to  intrinsic  one  at 
T>30  K. 

Due  to  the  narrow  band  gap  (EgtSlS  meV)  of  the 
semiconducting  alloys  this  transition  takes  place  at  low 
temperatures.  An  increase  of  charge  carrier  concentration 
of  these  alloys  leads  to  the  shift  of  the  transition  temperature 


to  higher  temperatures.  An  analysis  of  the  temperature 
dq)endence  of  thennoelectric  power  in  semiconducting  alloys 
[8]  showed  that  the  negative  sign  of  thennoelectric 


Fig. 2  a)  Temperature  dqsendences  of  the  thennoelectric 
efficiency  Zu  for  specimens  1-5.  The  numbers  on  the  curves 
correspond  to  the  specimen  number.  The  continuous  zfj 
curves  are  for  specimens  with  positive  thennoelectric 
power.  The  dashed  z,"  curves  are  for  specimens  with 
negative  thennoelectric  power.  1' -  Temperature  dependence 
of  the  magnetothcnnoelectric  elTiciency  Z33,22  for  specimen  1 
in  magnetic  field  H=0.8  kOe  at  hII  Ci. 
b)  Temperature  dependence  of  thennoelectric  power  (Xii  for 
specimens  1-5.  The  numbers  on  the  curves  correspond  to 
the  specimen  number.  Basic  parameters  of  specimens  of 
the  Bii-xSbx  alloy  (0.12<x<0. 14)  arc  shown  in  the  table. 


Specimen 

number 

Concentration 

X  ±  0.005 

VT.jllG 

ni.,  pr,  cm-’ 
(T=4K) 

1 

0.132 

C3 

11=4.1x101’ 

2 

0.125 

Cl 

p=4,4xl0i’ 

3 

0.12 

Cl 

P=2.1xl0'‘' 

4 

0.135 

Cl 

p=4.6xl0'' 

5 

0.135 

Cl 

p=4.6xl0i’ 
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l)o\vcr  in  Ihe  region  of  intrinsic  conductivity  is  due  to  tlie 
peculiarities  of  the  band  strueture  of  these  alloys. 


Fig.3  Temperature  dependences  of  the  thennoclectric  power 
a22  (VT||Ci,H=0)  of  Bii-xSbx  alloys  (EgL  ,  Et  ,  Ej; ):  1, 
3,  5  -  experimental  data  for  p-type  Bio.assSbo.iis  (Egu 
=  16  meV,  Et  =30  meV,  Ee  =37  meV),  p-type  Bio.gesSbo.us 
(20,  44,  33  meV),  and  n-type  Bio.seSbo.n  (17,  34,  36  meV) 
respectively;  2,  4,  6  -  calculated  curves  taking  into  account 
the  band  structure  shown  in  the  insert  obtained  [8], 


It  is  seen  from  the  band  structure  of  the  alloys 
presented  on  Fig.  4  that  the  conductivity  band  remains  a 
single  one  up  to  the  electron  energy  Efl  =150  meV.  The 
valence  band  of  the  alloys  is  complex  one  and  consists  of  a 
subband  of  light  holes  with  the  extremum  in  the  point  L  of 
Brillouin  band  and  closely  spaced  subband  of  heavy  holes 
with  the  extrema  in  points  T  [9]  and  S  [10].  So  in  the  region 
of  intrinsic  conductivity  of  these  alloys  in  addition  to 
electrons  La  and  light  holes  Ls  heavy  holes  Z  and  (or)  T 
also  take  part  in  transport  phenomena. 

In  the  region  of  intrinsic  conductivity  in  the  valence 
band  of  these  alloys  a  redistribution  of  charge  cafriers 
among  bands  Ls  and  Z,  T  takes  place  according  to  their 
density  of  states.  The  state  -  density  effective  mass  of 
holes  at  the  top  of  Ls  band  depends  on  the  alloy 
composition  [1 1]  and  for  Bio.8aSbo.12  alloy  it  is  0.032mo. 
Whereas  at  the  top  of  T  and  Z  bands  it  amounts  to  0.1 4mo 
and  0.9mo  respectively  and  docs  not  depend  on  the  alloy 
composition  (x<0.17).  So  eventually  Ihe  contribution  of  light 
and  heavy  holes  to  the  thermoelectric  power  appears  small 
in  comparison  with  that  of  the  electrons  in  the  region  of 
intrinsic  conductivity  of  the  alloys  ,  which  follows  from 
the  analysis  of  the  experimental  data  [8].  It  can  be 
intcqireted  qualitatively  as:  nca  spu -»•  ps  and  pj;  >pu  ,  aca 
gls  and  one  gets  for  the  thermoelectric  power: 
(X  =(  acs  X  OLs  +  aj  X  ag  -  aca  x  oca  )  /(ols  +  Oe  -t-  au  )  = 
-ai,a  /(ctLs  +  Oe  -t-  ou  ). 


According  to  our  investigation  Ihe  ])cak 
thennoelectric  efficiency  for  n-branch  made  of 
semiconducting  alloys  is  Z=6x  1 0-^  K  '  [4].  This  high  value 


Fig. 4  Rearrangement  of  the  energy  spectrum  of  Bii-xSbx 
alloys  with  variation  in  antimony  concentration. 


Fig. 5  Temperature  dependences  of  Ihe  thermoelectric  power 
an  -  (1),  the  thennal  conductivity  k,i3  -  (2),  the  resistivity 
P22  -  (3),  the  thennoelectric  efficiency:  Z33  (H=0)  -  4,  Z33 
(H=0.8  kOe  at  Hi  I  Cl)  -  (5)  for  Bio.g7Sbo.13  alloy  (VT,  j||  C3, 
Pl=1.5x10'7  cln-^  Pe=1.1x10's  cm^  at  T=4  K).  The 
transition  into  the  intrinsic  conductivity  range  takes  place  at 
70  K. 


of  Z  is  due  to  Ihe  high  thennoelectric  power  for 
nondegenerate  electronic  gas  and  considerable  electron 
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conductivity  associated  with  the  small  elTective  masses  of 
electrons  and  the  small  Ihennal  conductivity  of  the  alloys. 

There  are  no  such  favourable  conditions  when  Bi-Sb 
alloys  arc  used  as  a  p-branch.  The  strong  doping  of  the  alloy 
by  acceptor  impurity  results  in  expansion  of  extrinsic  hole 
conductivity  temperature  region  to  high  temperatures. 
However  for  degenerated  statistics  the  value  of 
thermoelectric  power  is  rather  low  (  a~kT/t^ ).  The  increase 
of  hole  concentration  leads  to  the  negligibly  small  increase 
of  the  conductivity  because  of  the  high  impurity 
concentration,  which  reduces  the  hole  mobility  via  the 
holc-acceptor  scattering.  As  a  result  the  thennoelectric 
clTicicncy  of  alloy  for  p-branch  (Z<l-10-J  K  ')  becomes 
lower  than  for  n-branch  [4]. 


Fig. 6  The  thermoelectric  power  a22  at  T=12  K  and  the 
resistivity  p22  at  T=4  K  for  n-type  and  p-type  Bio.ssSbo.ii 
(  j,  VTI  I  Cl)  versus  the  Fenni  energy  Efl  .  1  -  The  absolute 
value  of  the  thennoelectric  power,  |a22(EFL)l  of  the  alloy  n- 
Bi(i,88SbiM2  (solid  line);  2  -  the  thermoelectric  power  a?2(EFL) 

of  the  alloy  p-Bio.88Sbo.12  (a^2(EFL)  =  |<X22(Efl)|  at  Efl  <15 
meV);  3,  4  -  the  resistivity  of  the  alloy  n-Bio.88Sbo.12 

(solid  line)  and  of  the  alloy  p-Bio.ssSbo  12  (dashed  line, 

( pf’j  Efl)s  P22  (Efl)  at  Efl  <  1 5  mcV).  Shown  at  the  top  is  an 

energy  diagram  of  the  La  ,  Ls  ,  S  extrema  for  the 
semiconducting  alloy  Bio.88Sbo.12  vvith  an  energy  gap 
EgL=l7.2  ineV. 

E.xperimcntal  data  for  tlic  transport  phenomena  in 
p-lyi)c  Bin.87Sbo.i3  alloy  are  presented  on  Fig.  5.  It  is 
ncecssai7  to  point  out  that  at  gradual  doping  of  the 
semiconducting  alloy  by  acceptor  impurity  Fenni  level  falls 
gradually  in  the  valence  band  and  at  definite  concentration 
of  accc|)tors  it  enters  the  heavy  hole  band,  that  is  a 
lopololleal  electron  transition  takes  place.  At  the  beginning 
of  this  transition  when  the  concentration  of  heavy  holes  is 
nuieli  less  than  that  of  the  light  holes  the  temperature 
and  concentration  dependences  of  thennoelectric  power 
show  an  anomalous  behaviour.  According  to  the 
experimenial  data  shown  on  Figs.  5  and  6  the 
thermoelectric  power  changes  its  sign  from  positive  to  a 
negative  one  due  to  the  interband  scattering  of  the  light 


holes  Ls  to  the  heavy  holes  band  S  (Ls  <=>  £  ).  This 
conclusion  was  obtained  by  an  analysis  published  in  [12,  13]. 
Application  of  the  magnetic  field  of  0.8  kOe  to  such  a 
sample  eliminates  this  anomaly  and  the  working  temperature 
range  of  p-branch  expands  and  the  thennoelectric 
efficiency  increases  up  to  the  value  ZslxlO-^  K  '  [4].  This 
result  is  shown  on  Fig.  5. 


Conclusion 

The  peculiarities  of  the  energy  band  structure  of 
the  semiconducting  Bi-Sb  alloys,  associated  with  the 
presence  in  the  valence  band  both  light  and  heavy  holes,  lead 
to  the  difference  of  the  thennoelectric  elTicicncy  of  the  n-  and 
p-type  branches  of  the  thennocleinents  operated  at 
temperatures  near  100  K  made  of  thc.se  alloys. 
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Transport  Properties  and  Electronic  Structure  of  Bismuth-Antimony  Single 
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Thermopower  and  electrical  resistivity  of  bismuth-antimony  crystals  with  antimony  contention  up  to  12  at.%,  doped  by  tellurium 
up  to  0.3  at.%  were  measured  in  the  wide  temperature  range  77-i-550  K.  The  results  are  in  accordance  with  reference.  Anisotropy 
and  observed  maximum  of  the  temperature  dependence  of  thermopower  at  high  temperature  indicate  on  complicated  nature 
of  band  electronic  structure  in  these  materials.  The  influences  of  the  electronic  band  structure  and  scattering  mechanisms  of 
charge  carriers  on  the  temperature  dependencies  of  transport  properties  are  discussed. 


Introduction 

Presently  Bi-Sb  based  crystals  are  most  effective  materials  for 
low  temperature  thermoelectric  applications  [1]. 

Transport  properties  investigation  in  dependence  on  doping 
by  donor  dopants  of  Bi-Sb  crystals  allows  to  carry  out  the 
study  of  band  structure,  energy  spectrum  of  charge  carriers  as 
well  as  scattering  mechanisms,  which  determines  high  thermo¬ 
electric  efficiency  of  n-type  crystals. 

In  work  [2]  the  influence  of  dilute  doping  Bii_ySby  (Tex) 
crystals  by  Tellurium  (donor  dopant)  on  transport  properties 
were  studied  in  77-300  K  range.  Single  crystals  with  y=  0.05, 
0.08,  0.12,  0.20,  and  0.30  doped  by  Tellurium  in  the  range 
0.01-0.3  at.%  were  measured.  It  was  shown  that  at  small  dop¬ 
ing  minimum  (maximum  of  absolute  value)  of  temperature 
dependence  of  thermopower  (S)  is  observed.  Dropping  down 
of  absolute  value  of  S  at  temperatures  above  the  maxima  is 
connected  with  excitation  of  valent  band  carriers. 

At  high  doping  level  the  absolute  value  of  S  shows  next 
features:  it  is  monotonously  increasing  with  temperature  at 
the  temperature  range  investigated;  decreasing  with  doping 
(level  increasing)  and  becomes  anisotropic  with  S33  —  S11  >  0. 
As  we  assumed  the  latter  can  be  connected  with  extra  n-type 
extremum  contribution  with  anisotropy  of  the  same  type  as 
that  of  T-heavy  hole  valent  band. 

These  conclusions  were  supported  by  plasma  reflection  data 
[3].  These  data  indicate  that  an  additional  conducting  band  of 
Bii_ySby  should  be  taken  into  account  and  its  extremum  en¬ 
ergy  position  decreases  in  comparison  with  L-extremum  from 
about  250  meV  at  y=0,03  to  100  meV  at  y=0.12.  At  high 
doping  level  above  1  at.%  Te  (these  crystals  were  grown  up  at 
grown  rate  faster  than  equilibrium  one  because  the  equilibrium 
solubility  of  Te  is  less  than  lat.%)  the  extra  band  was  also  ob¬ 
served  [4].  In  the  limits  of  quasi  equilibrium  doping  S  shows  no 
anisotropy  at  T  =  77-^300  K  and  gives  no  evidence  of  2.5-type 
Lifshich  transition  [5].  Which  was  observed  in  [4]  for  high  level 
Te  doping.  Therefore  it  is  of  interest  to  study  electronic  trans¬ 
port  temperature  dependencies  in  Bii_ySby  (0  <  ?/  <  0.05) 
crystals  in  a  wider  temperature  range  up  to  melting  point  in 
order  to  reveal  the  extra  n-type  band  at  smaller  doping  range. 
It  is  interesting  as  well  to  investigate  the  temperature  depen¬ 
dencies  of  P33  and  S33  of  Bio.88Sbo.r2  <  3  ■  10~®Te  >. 

Experiment 

BiSb  <  Te  >  homogeneous  single  crystals  were  grown  up 
by  horizontal  zone  melting  method  with  growing  rate 


V  —  O.dmm/h  and  temperature  gradient  on  the  crystal¬ 
lization  front  G  —  20K/cm.  High  purity  Bi  (Bi-000)  and  Sb 
(Sb-0000)  were  used.  The  samples  were  cut  by  spark  errosion 
method  from  the  middle  of  ingots. 

The  overage  sample  size  was  0.5x2.5x12  mm^.  We  pre¬ 
pared  both  sample  orientations  along  to  trigonal  axis  C3 
(a-type)  and  perpendicular  to  one  (B-  and  C-types).  De¬ 
stroyed  layers  of  the  samples  were  removed  by  etching  in 
50%HN03  -h  50%C2H50H. 

Sb  concentration  was  determined  by  X-ray  microzond  anal¬ 
ysis  on  Comebax  analizator  with  accurateness  ±0.bat.%.  De¬ 
viation  from  homogenions  distribution  of  Sb  within  samples 
not  exceed  the  correctness  of  measurement. 

It  is  well  known  that  BiSb  being  doped  by  Te  up  to  0.3 
at.%  has  the  same  lattice  parameters  and  band  structure  as 
undoped  one  and  that  only  Fermi  level  is  shifted  to  the  higher 
energy  [3].  This  fact  gives  us  a  possibility  to  check  band  struc¬ 
ture  in  wide  energy  span  (0-300  meV). 

Thermopower  was  measured  by  differential  method,  electri¬ 
cal  resistivity  by  usual  4-probes  method  on  DC  current.  The 
measurements  were  done  with  2  q-  5  Kjmin  rate  at  every  2 
grads  on  both  cooling  and  heating.  Temperature  gradient 
along  sample  Wcis  about  5  K. 

Discussion 

1.  Electrical  resistivity  Bii_ySby  crystals  at  either  of  Te- 
doping  investigated  (see  Fig. 1-3)  is  increasing  with  temper¬ 
ature  with  enhancing  Temperature  Coefficient  of  Resistance 
(TCR)  rate  {(fp/dT^  >  0). 

Both  temperature  dependencies  of  electrical  resistivity  and 
its  absolute  value  have  weak  non-monotonous  dependence  on 
Te  doping  (Fig. 1-2)  and  Sb  containt  (Fig. 3).  For  example  for 
Bi0.87Sb0.03  <  Te  >  crystals  at  [11]  orientation  absolute  value 
of  electrical  resistivity  with  charge  carrier  concentration  (e.g. 
Te-doping)  varies  over  6  times  has  its  absolute  value  within 
30%  (see  Fig.l),  This  indicates  on  a  general  relationship  for 
Bi-type  crystals  that  first  was  observed  in  [9]. 

2.  Thermopower  of  undoped  and  weak-doped 
Bio.97Sbo,o3(Te)  has  anisotropy  with  S33  -  5u  <  0,  With 
doping  thermopower  first  becomes  isotropic  and  than  again 
anisotropic,  but  with  S33  -  S,,  >  0,  see  data  for  y=0.05  - 
Fig. 2  and  data  for  x  =  0,  y  >  0.05  [2]. 

Taking  into  account  an  analogy  with  Bii_ySby  at  y  >  0.03 
[2]  (where  the  same  type  of  anisotropy  was  observed  )  we  be¬ 
lieve  that  that  type  of  anisotropy  (S33  —  Su  >  0)  at  least  at 


Figure  1:  Temperature  dependencies  of  Thermopower 

and  electrical  resistivity  of  Bio.grSbo  os  <  10“~  Tex,  where 
o  -  j;  =  0.3,e  -  x-Q.2,-\/  -  x  =  0.1,'^  -  x  =  0.005 
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Figure  2:  Temperature  dependencies  of  Thermopower  and 
electrical  resistivity  of  Bio  gySbo  os  <  lO^^  Tcx,  where  x  — 
0.3  o  [33],  e  -  [ll]rx  =  0.05  V  -  [33],  V  -  [U] 


Figure  3:  Temperature  dependencies  of  Thermopower  and 
electrical  resistivity  of  Bio  EiySby  <  lO'^-Teo.a,  where  y  = 
0.3o  -  [33],o  -  [ll],r/  =  0.12  V  -[33] 
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low  temperature  is  directly  connected  with  the  extra  C-band. 

Therefore  the  additional  C-band  was  observed  at  smaller 
doping  for  Bio.97Sbo.03  <  Te  >  than  for  Bi  <  Te  >. 

It  is  also  seen  that  the  C-barid  shows  its  traces  at  lower  T(;- 
doping  level  in  Bii_ySby  <  Te  >  system  than  in  Bi  <  Te  >. 
The  main  feature  of  temperature  dependence  of  S,  which 
present  data  show  is  the  pronounced  maxima  of  absolute  value 
S.  Evidently  it  is  connected  with  T+  band  contribution.  With 
temperature  increasing  absolute  value  of  S  first  increases  and 
than  comes  through  the  maximum  decreases.  It  is  necessary  to 
mention  that  temperature  dependencies  of  |S|  in  its  increasing 
slope  are  unlinear  function  of  temperature  especially  at  high 
Te  doping. 

At  temperatures  110-200  K  {dS/dT  >  0)  is  much  less  than  at 
both  beneath  and  especially  above  to  that  temperature  range. 
Exactly  the  same  situation  it  is  possible  to  see  in  Bi  <  Te  > 
[5]  and  Bii_ySby  at  x  >  0,05  [2]  systems.  It  indicates  on  the 
beginning  of  Lifshich  transition  [4]. 

Moreover  with  capturing  2'+  band  temperature  dependen¬ 
cies  ofS  prone  to  be  the  same  at  most  high  temperatures  inves¬ 
tigated  for  all  doping  level.  It  is  also  connected  with  transition 
to  the  intrinsic  conductivity  at  high  temperatures.  As  a  result 
of  high  anysotropy  of  r+  band  the  maximum  temperature  of 
S(T)  is  less  for  Sn  direction  than  for  S33  (see  Fig. 2).  Tliis 
anisotropy  leads  also  to  the  anytropy  sign  changing  for  S  at 
temperatures  above  maximum. 

Conclussions 

Study  of  transport  property  temperature  dependencies  and  its 
anysotropy  reveal  transition  to  the  intrinsic  conductivity  at 
high  temperatures  at  either  doping  level  investigated  as  well 
as  to  the  additional  C-band  contribution  which  shows  the  same 
anysotropy  as  T+  band.  The  latter  results  to  the  anysotropy  of 
S  of  (533  — 5ii  >  0)  type  at  temperatures  beneath  maximum  of 
S(T)  for  high  Te  doping  level  and  to  the  small  value  of  dS/dT 
at  low  temperatures. 

Thus  analysis  of  accepted  band  structure  and  the  experi¬ 
mental  data  show  that  Fermi  level  rises  above  r+  band  with 
Te  doping  and  at  high  doping  rate  reaches  n-type  band. 
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THE  INFLUENCE  OF  THE  TITANIUM  DOPING  ON  THE  THERMOELECTRIC 
PROPERTIES  OF  SB-RICHED  BISMUTH-ANTIMONY  TELLUMIDES. 


J.  Navratil  Z.  Stary  P.  Lost’ak^,  T.  Plechacek  ’ 

'  Joint  Laboratory  of  Solid  State  Chemistry,  Czech  Academy  of  Sciences  and  University  Pardubice, 
Studentska  84,  530  09  Pardubice,  Czech  Republic 
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The  study  of  influence  of  titanium  doping  on  thermoelectric  properties  of  bismuth 
antimony  tellurides  Bio.5.x/2Sb2-x/2Ti,xTe3,  Bii.x/2Sbi.xQTixTe3  and  Sb2.xTixTe3  was  carried  out. 
There  were  measured  temperature  dependence  of  Seebeck  coefficient  on  polycrystalline  samples 
of  these  materials.  The  electrical  conductivity  and  figure  of  merit  at  293  K  was  also  measured. 
A  possible  incorporation  mechanism  of  titanium  is  proposed. 


Introduction 

Sb-riched  bismuth-antimony  tellurides  are  generally 
used  as  a  p-type  thermoelectric  materials.  These  materials, 
because  of  very  high  free  carriers  concentration  have  to 
be  doped  to  achieve  optimal  concentration.  Therefore,  an 
investigation  of  the  effect  of  various  dopants  on  the 
physical  properties  of  the  above  mentioned  materials  is 
interesting  both  for  the  basic  and  the  applied  research. 
Doping  with  iodium  or  overstoichiometric  tellurium  used 
to  be  very  frequent.  Up  to  this  time  there  was  not  almost 
any  systematic  study  of  the  doping  effect  such  crystals  by 
transition  metals  impurities.  Only  influence  of  the 
manganese  doping  on  Sb2Te3  properties  [1]  and  vanadium 
and  chromium  doping  on  Bi2Te3  properties  [2,5]  has  been 
described. 

In  our  previous  works  [3,4]  we  reported  strong 
influence  of  titanium  doping  on  thermoelectric  and  optical 
properties  of  Sb2Te3  single  crystals.  In  spite  of  limited 
solubility  of  this  dopant  in  the  studied  crystals  a  very 
significant  decrease  of  free  carrier  concentration 

resulting  from  both  electrical  (Hall  coefficient)  and  optical 
(reflectivity)  measurements  occurs.  Donor  behaviour  of 
titanium  impurities  is  explained  by  occurring  of  ‘multi¬ 
layered  defects’  in  the  studied  materials. 

This  behaviour  of  titanium  impurities  in  Sb2Te3  lattice 
led  us  to  study  influence  of  such  doping  on  thermoelectric 
properties  of  Sb-riched  bismuth-antimony  tellurides 
Bix-ycSb2.x.y/2TiyTe3  and  Sb2.yTiyTe3.  The  results  of 
Seebeck  coelEcient,  electrical  conductivity  and  figure  of 
merit  measurements  of  the  prepared  polycrystalline 
materials  in  the  following  paper  are  presented  with  the 
aim  to  elucidate  possible  incorporation  mechanism  of  the 
titanium  atoms  in  the  studied  materials. 

Experimental 

For  the  preparation  of  polycrystalline  ingots  were  used 
antimony,  bismuth  and  tellurium  of  5N  purity.  Titanium 
in  TiTe2  form  was  used  as  a  dopant.  The  synthesis  of  the 
polycrystalline  TiTe2  was  carried  out  by  heating  a 
stoichiometric  mixture  of  Ti  and  Te  powder  of  5N  purity 
in  an  evacuated  silica  ampoule  at  1400  K  for  5  days.  The 
X-ray  diffractogram  of  the  resulting  product  revealed  only 
diffraction  lines  corresponding  to  the  TiTe2  compound. 


Titanium-doped  polycrystalline  materials  were 
prepared  from  the  mixture  of  above  mentioned  elements 
and  TiTe2,  corresponding  to  atomic  ratio  (SlHTi):Te=2:3, 
(Sbi-Bi+Ti):Te=2:3,  respectively.  Series  of  samples 
corresponding  to  composition  Bix-y/2Sb2-x-y/2TiyTe3  ,where 
x=0.5;  1  and  y=0-0.06  and  Sb2-yTiyTe3  (y  =  0-0.03)  were 
weighed.  The  synthesis  was  carried  out  in  silica  ampoules 
evacuated  at  the  pressure  of  lO"’’  Pa  at  1073  K  for  48 
hours.  The  rectangular  samples  of  dimensions  of  2x2x4 
mm^  for  measurement  of  Seebeck  coeflicient,  electrical 
conductivity  and  figure  of  merit  were  cut  out  from 
prepared  compounds. 

Results  and  discussion 


The  temperature  dependence  of  Seebeck  coefficient  S 
at  100-400  K  temperature  range  of  some  Sb2Te3  samples 
doped  with  titanium  atoms  is  presented  on  the  Fig.  1 . 


Fig  1:  The  temperature  dependence  of  the  Seebeck 
coefficient  for  some  Sb2.xTixTe3  samples  (curves  are 
denoted  with  x). 

It  is  evident  that  increasing  titanium  concentration  in 
Sb2Te3  does  not  influence  character  of  S=f(T)  dependence. 


The  changes  of  absolute  value  of  Seebeck  coefficient  with 
increasing  titanium  content  in  the  above  mentioned 
samples  shows  Fig,  2.  From  Fig.  2  it  is  evident,  that  the 
introduction  of  Ti  atoms  into  the  structure  of  Sb^Tcj 
results  for  low  Ti  concentrations  in  an  increase  of 
5-values. 


X  in  Sbj.Ji Jcj 


Fig.  2:  The  dependence  of  Seebeck  coefficient  on 
Ti-content  in  Sb2-xTixTe3  samples  at  100,  200  and  300  K 
(curves  are  denoted  with  temperatures). 

Fig.  3  shows  concentration  dependence  of  electrical 
conductivity  a  at  293  K.  It  follows  from  the  graph,  that 
entering  of  Ti  atoms  results  in  a  considerable  decrease  of 
a  values.  All  above  presented  measurements  on 
polycrystalline  Sb2-xTixTe3  samples  are  in  accordance  with 
these  ones  carried  out  on  monocrystalline  samples 
presented  in  [3]. 
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In  Fig.  4  are  presented  changes  of  a,  S  and  /igure  of 
merit  Z  values  with  increasing  titanium  content  in 
Bio  s-xcSbi  s-x^TixTcs  polycrystals.  It  follows  from  this 
figure,  that  in  the  higher  Ti  content  area  (x  >  0.02),  an 
incorporation  of  Ti  atoms  into  Bio  sSbi.sTcs  solid  solutioij 
lattice  causes  change  of  electrical  conductivity  type  from 
p-  to  n-type.  In  keeping  with  the  fact  cr  values  of  p-t)'pe 
samples  with  increasing  x  decrease;  at  n-type  electrical 
conductivity  area  further  increase  of  x  causes  also  increase 
of  a  values. 


Fig.  3;  The  dependence  of  electrical  conductivity  on 
Ti-content  in  Sb2-xTixTe3  polycrystalline  samples  at  293  K. 


Fig.  4:  The  dependencies  of  electrical  conductivity  a, 
Seebeck  coefficient  S  and  figure  of  merit  Z  on  Ti  content 
in  Bio  5-x/2Sbi  5.x/2TixTe3  polycrystals  at  293  K. 
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Fig.  4  shows  also  figure  of  merit  Z  values  We  suppose 
observed  increase  of  Z  values  of  n-type  samples  indicate, 
that  after  optimization  of  titanium  content  (optimization  of 
free  carrier  concentration)  could  be  prepared  n-type 
thermoelectric  material  on  the  Bio.^Sbi  .^Tes  basis  of  good 
thermoelectric  properties 

Following  Fig.  5  illustrate  temperature  dependence  of 
Seebeck  coefiBcient  S  of  some  samples  from  series  of 
Bio.5-xQSbi  5.xcTixTe3  polycrystals. 


Fig.  5:  The  temperature  dependence  of  Seebeck 
coefBcient  S  of  some  Bio.s-xcSbi.s.xaTixTea  samples  (curves 
are  denoted  with  x). 


Fig.  6:  The  temperature  dependence  of  Seebeck 
coefficient  S  of  some  Bii-xcSbi-xoTi^Tea  samples  (curves 
are  denoted  with  x). 

From  Figs.  6  and  7,  which  show  temperature 
dependence  of  Seebeck  coefficient  S  and  dependence 
S=f(x)  for  series  of  Bii.xcSbi.xaTes  samples  doped  with  Ti, 
there  is  apparently  evident  that  similarly  as  at 


Bio.5Sbi5Te3  samples  there  is  the  change  of  electrical 
conductivity  type  from  p-  to  n-type.  However,  this  change 
occurs  at  lower  concentrations  of  Ti  in  comparison  with 
Bio,5Sbi,5Te.3  system  (x  >  0.01).  Electrical  conductivity  of 
n-type  samples  of  BiSbTej  (Ti)  polycrystalline  samples  is 
presented  at  Fig.  8. 


Fig.  7:  The  dependence  of  Seebeck  coefficient  on 
Ti-content  in  Bii.xnSbi.xcTes  samples  at  100,  200  and 
300  K  (curves  are  denoted  with  temperatures). 


Fig.  8:  The  dependence  of  electrical  conductivity  on 
Ti-content  in  n-type  Bii_x/2Sbi.xcTixTe3  polycrystalline 
samples  at  293  K. 

From  the  above  presented  experimental  results 
conclusion  that  titanium  impurity  in  both  Sb2Te3  crystal 
lattice  and  BixSb2-xTe3  solid  solution  crystal  lattice 
(Ar=0.5;  1)  acts  as  donor  follows.  This  conclusion  is 
consistent  with  results  on  monocrystalline  samples  of 
Sb2Te3  with  Ti  as  dopant  presented  in  [3,  4].  The 
donor-like  behaviour  of  titanium  is  most  likely  connected 
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with  way  of  incorporation  of  Ti  atoms  into  the  crystal 
lattice  of  the  studied  materials. 

In  accordance  with  the  analysis  of  possible  point 
defects  (interstitial  Ti  atoms,  substitutional  defects  in 
cation  or  anion  sublattice  or  Ti  atoms  in  the  van  der  Waals 
gap),  which  is  presented  in  [  3  ],  we  suppose  also  in  case 
of  studied  solid  solutions  one  can  accept  following  model 
of  incorporation  of  Ti  atoms  into  the  crystal  lattice  of 
studied  materials: 

Ti  atoms  mostly  in  all  probability  are  not  incorporated 
into  the  crystal  lattice  as  simple  point  defects,  but  forms 
three-layer  lamellae  Te-Ti-Te,  which  substitute  present 
five-layer  structure  units  Te-Me-Te-Me-Te  (  Me=Bi,  Sb  ) 
of  tetradymite  type  layer  structure  of  these  crystals.  We 
suppose  in  this  model  that  fragments  Te-Ti-Te  contain 
positively  charged  vacancies  Vtc  and  V”ti,  respectively. 
Charges  of  these  vacancies  are  compensated  with  free 
electrons.  These  electrons  cause  suppression  of  the  hole 
concentration  at  p-type  samples  and  increase  of  free 
carrier  concentration  at  n-type  samples. 


Conclusion 

It  has  been  shown  that  entering  of  titanium  atoms  into 
the  structure  of  Sb2Te3  crystals  and  Bi.^Sb2.xTe3  solid 
solutions  (where  x=0.5;  1)  has  strong  influence  on  the 
thermoelectric  properties  of  these  materials.  The  donor¬ 
like  behaviour  of  this  impurity  can  be  explained  by  the 
forming  of  three-layer  lamellae,  which  consist  of  Te-Ti-Te 
fragments.  Positively  charged  tellurium  vacancies 
contained  in  these  fragments  are  compensated  with  free 
electrons.  These  electrons  suppress  the  hole  concentration 
of  the  studied  materials.  At  Sb-riched  bismuth  antimony 
tellurides  solid  solutions  can  cause  even  change  of 
electrical  conductivity  type.  In  our  opinion  some  n-type 
materials  of  good  thermoelectric  properties  could  be 
prepared  on  the  basis  of  the  studied  materials. 
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INTERDIFFUSION  AND  SOME  TRANSPORT  PROPERTIES  OF  COLD  PRESSED 
COMPOSITE  MATERIALS  ON  THE  BASIS  OF  BiiTcj,  Sb2Te3  AND  BizScs 
WITH  ADDITION  OF  INDIUM. 
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The  tablets  of  the  mixture  of  BhTsj,  BijSe-,,  ShhTes  and  1112X63  powder  were  prepared  in 
the  result  composition  of  Bii  sSbo  iciliiooiTe^.s^Seo  i?-  On  the  samples  the  Seebeck  coefficient, 
electrical  conductivity  and  thermoelectric  figure  of  merit  were  measured  after  sintering  at  5I0°C. 
The  heat  conductivity  was  calculated.  The  interdiffiision  profiles  for  BiiTei  -  Bi^Se^  and 
Bi2Te3-Sb2Te3  systems  were  measured  and  interdiffusion  coefficients  were  calculated.  The  figure 
of  merit  of  this  materials  is  smaller  then  that  one  of  materials  prepared  directly  from 
Bii.RSbo,i9lno.oiTe2.85Seo.i5  powder. 


Introduction 

The  metallurgical  technology  of  powders  is  often  used 
to  produce  thermoelements.  Although  the  single  crystal 
technology  yields  materials  of  better  thermoelectric 
quality,  cold-pressed  or  hot-pressed  powder  materials  have 
better  mechanical  properties  and  their  production  cost  is 
lower.  This  technology  gives  us  the  possibility  to  produce 
composite  materials  or  materials  with  variable 
composition  across  the  length  of  tablet 

In  our  work  we  aim  at  an  explanation  of  changes  of 
thermoelectric  properties  in  the  course  of  sintering  of 
tablets,  which  are  pressed  from  Bi2Te3,  Bi^Se.,  and  Sb2Te3 
powders.  Some  electrical  properties  and  interdiffusion 
coefficients  were  measured.  This  paper  follows  our 
research  of  powder  metallurgy  of  Bi1.sSbo.2-.vInvTe2.85Seo.15 
materials,  which  are  prospective  for  the  production  of 
N-type  branches  of  thermoelectric  generators.  We  point 
out  the  fact,  tliat  anti-site  defects  influence  the  free  earner 
concentration  and  the  transport  properties  of  these 
materials.  Anti-site  (AS)  defects  Sbpe  have  been  identified 
to  exist  in  p-  SbiTes  crystals  at  concentration  of  about  10““ 
cm’^,  also  the  Bi2Te3  crystals  have  been  shown  to  contain 
AS  defects  of  Bixe  at  concentration  of  about  lO'”  enf  ’ 
[1,2].  Therefore,  one  can  suppose  that  the  AS  defects  also 
exist  in  mixed  crystals  and  in  powder  materials  too. 

Experimental 

The  bulks  of  BixTe.i,  Sb2Te3,  BixSex  and  1112X6.3  were 
prepared  from  elemental  Bi,  Sb,  Se  and  Te  of  5N  purity. 
Samples  were  synthesized  in  quartz  ampoules  by  heating 
at  730°C  for  48  hrs  (  BixTes,  SbxTes,  BLSex  )  and  at 
800°C  (  1112X63  )  for  48  hrs  too.  Then  the  samples  were 
pulverized  and  separated  by  sieving.  The  size  of  particles 
was  50-80  pm.  The  pulverized  samples  were  mixed  to 
achieve  the  composition  of  Bii.sSbo.iijIiio.oiTei.gsSeo.i.s  and 
then  compacted  to  tablets  of  size  2x2x4  mm’  with  the 
pressure  25  000  at  and  sintered  by  heating  at  510°C  for  5, 
24,  48  and  100  hrs.  On  the  tablets  the  temperature 
dependencies  of  electrical  conductivity  c,  Seebeck 


coefficient  .S'  and  thermoelectric  figure  of  merit  Z  were 
measured.  The  figure  of  merit  was  measured  by  means  of 
modified  Harman  method  which  went  out  from  the 
equation  for  stable  heat  flow  in  the  sample: 

S.I.T  =  A..AT  (1), 

where  S  is  the  Seebeck  coefficient,  1  is  the  electrical 
current,  T  is  the  temperature  of  cold  junction  of  sample,  Z 
is  the  thermal  conductivity  and  AT  is  the  temperature 
difference  on  the  sample.  The  equation  ( 1)  is  valid  for  the 
case  of  the  small  electrical  current  and  consequently  small 
heat  exchange  with  the  surroundings.  The  computation  of 
the  figure  of  merit  was  carried  out  from  the  equation 


where  U_  =  R.l,  U,  =  R.l  +  S  AT  and  AT  is  taken  from  the 
equation  (1). 

For  the  interdiffiision  measurements  the  single  crystals 
were  used.  The  growth  of  the  single  crystals  was  carried 
out  in  the  conical-shaped  silica  ampoules  by  means  of  a 
modified  Bridgman  method  using  a  suitable  temperature 
gradient  and  pulling  rate  of  1.2  inm/hr.  The  interdiffiision 
coefficient  was  calculated  from  the  interdiffiision  profile 
in  the  direction  parallel  to  the  trigonal  c-axis.  The  single 
crystals  were  contacted  together  and  heated  for  96  hrs  at 
510°C.  The  concentration  profiles  were  measured  by 
means  an  energy-dispersive  X-ray  (EDX)  microanalyser 
(KEVEX). 

Results  and  discussion 

How  it  can  be  seen  from  the  measurements  of  Seebeck 
coefficient  S  and  electrical  conductivity  a,  all  samples  are 
N-type  materials.  Unlike  of  PIES  method  (Pulverized 
Intermixed  Elements  Sintering)  [3]  wheie  powder 
contained  the  elements,  we  have  pulverized  compounds  of 
Bi2Te3,  Sb2Te.3,  Bi^Sex  and  1112X63  and  mixed  them  in  the 
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ratio,  that  corresponds  to  the  composition  which  was 
meant  in  our  last  ICTEC  contribution  [4], 

Tlie  figures  I-  4  show  the  Seebeck  coefficient  S, 
electrical  conductivity  a,  heat  conductivity  X  (  calculated  ) 
and  figure  of  merit  Z  as  a  function  of  temperature  and 
sintering  time.  We  can  see,  that  the  time  of  sintering 
influences  the  thermoelectrical  properties  of  such 
materials. 


Fig.  1:  The  temperature  dependence  of  Seebeck  coefficient 
(curves  are  denoted  with  sintering  time  in  hours). 


Fig.  2:  The  temperature  dependence  of  the  electrical 
conductivity  (curves  are  denoted  with  sintering  time  in 
hours). 
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Fig.  3:  The  temperature  dependence  of  the  heat 
conductivity  (calculated)  (curves  are  denoted  with 
sintering  time  in  hours). 
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Fig.  4:  The  temperature  dependence  of  the  figure  of  merit 
(curves  are  denoted  with  sintering  time  in  hours). 

From  the  figure  5  -  8  we  can  see  the  Seebeck 
coefficient,  electrical  conductivity,  heat  conductivity  and 
figure  of  merit  at  the  room  temperature  (292“  K)  as  the 
function  of  sintering  time.  We  see,  that  all  dependencies 
on  the  figures  5-8  have  maximum  or  minimum  after 
about  25-30  hrs  of  sintering.  In  our  work  [4]  we  show,  that 
grinding  of  the  Bi|.8Sbo,2-.xInxTe2.85Seo.i.i  materials  causes 
increasing  of  free  electrons.  The  authors  [5]  propose 
following  explanation:  By  mechanical  treatment  crossing 
dislocations,  which  give  vacancies  V')ji(sb)  and  V°t„  are 
produced.  The  ratio  of  cation  vacancies  vs.  anion 
vacancies  is  about  2:3.  Considering  ones  positively 
charged  vacancies  V  prevail.  Smaller  mobility  of  these 
vacancies,  in  comparison  with  the  mobility  of  V’bi 
vacancies,  causes  that  they  move  more  slowly  during  the 
sintering  toward  the  grain  surface. 


0  20  40  60  80  10 

t  [  hrs] 

Fig.  5:  The  dependence  Seebeck  coefficient  on  the 
sintering  time  (292  K). 

Our  explanations  is  as  follows:  In  connection  with  AS 
defects,  which  occurs  in  crystals  in  considerable 
concentration,  the  vacancies  that  really  occur  after  the 
grinding  at  the  ratio  2:3  do  not  diffuse  to  the  grain  surface 
but  interact  with  AS  defects  according  to  following 
equation 

2  V  iji  +  3  V  lb  +  Bi  Te  =  V’Bi  +  Bigi  +  4  V  tc  +  3  e’  (3) 
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conductivity  is  probably  caused  by  the  rise  of  new  phases 
on  the  intergrain  region. 


Fig.  6:  The  dependence  of  electrical  conductivity  at  292  K 
on  the  sintering  time. 


Fig.  7:  The  dependence  of  heat  conductivity  at  292  K  on 
the  sintering  time. 


Fig  8:  The  dependence  of  figure  of  merit  at  292  K  on  the 
sintering  time. 

In  other  words  the  Bi-atom  jumps  from  Te-sublattice  to 
the  vacancy  in  Bi-sublattice  and  Te-vacancy  simultaneous¬ 
ly  conies  into  existence.  We  can  see  the  result  of  this 
process  in  the  figure  5  and  6  as  maximum  on  the 
experimental  dependencies  of  the  Seebeck  coefficient  and 
electrical  conductivity.  The  minimum  of  the  heat 
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Fig.  9:  The  interdiffusion  profile  of  Bi2Te3  -BhSe,!  system 
after  96  hrs  at  510°C. 


Fig.  10:  The  inter  diffusion  coefficients  of  the  BbTe.i  - 
Bi2Se3  system  as  a  result  of  Boltzmann-Matano  analysis. 

We  can  imagine  the  speed  of  this  process  from  the 
figure  9-12  where  the  interdiffiision  profiles  and 
interdifilision  coefficients  are  shown  for  the  diffusion 
parallel  to  the  trigonal  c-axis  The  interdiffusion 
coefficients  are  calculated  from  the  profiles  by  using  of 
Boltzmann-Matano  analysis.  We  can  see,  that  after  96  hrs 
at  temperature  510  °C  the  width  of  the  profile  is  about 
80  pm  If  we  consider  that  the  shape  of  grains  is  flake-like 
then  the  diffusion  of  the  direction  parallel  to  the  trigonal 
c-axis  is  the  main  diffusion  direction.  We  can  estimate 
that  after  25  hrs  approximately  one  third  of  material 
remains  in  the  form  of  Bi2Te3,  Sb2Te3,  8^863  compounds. 
As  the  sintering  time  increases  the  homogeneity  of  tablets 
increases  too  and  the  heat  conduction  increases  from  the 
minimum  (see  Fig.  7).  From  the  figures  5,6  it  is  evident 
that  after  30  hrs  the  concentration  of  free  carriers 
decreases  and  after  60  hrs  their  mobility  increases  (see 
Fig.6).  The  first  phenomenon  could  be  caused  by  diffusion 
of  antimony  atoms  into  the  rest  of  material  (Sb-doping  of 
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Fig.  11:  The  interdiffiision  profile  of  813X03  -  582X03 
system  after  96  hrs  at  510°C, 


Fig.  12:  The  interdrSusion  coefficients  of  the  812X03  - 
Sb^Xos  system  as  a  result  of  Boltzmarm-Matano  analysis. 


We  found  out  that  the  remarkable  short  time  of 
sintering  from  the  diffusion  point  of  view  is  able  to  form 
the  n-type  branch  of  thermoelements.  Its  figure  of  merit 
however  is  smaller  than  that  one  of  the  material  which  is 
prepared  directly  from  the  Bi1.gSb0.19In0.01Xe285Se0.15 
compound  [4]. 
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Bi2Xe3  causes  decreasing  of  free  electron  concentration  in 
the  n-type  Bi2Xe3  or  increasing  hole  concentration  in  the 
p-type  Bi2Te3  [6]).  The  second  one  is  caused  by  increasing 
of  material  homogeneity  (see  Fig.  6,7).  Fig.  8  shows  the 
figure  of  merit  as  a  result  of  described  processes.  It  is 
remarkable  that  even  after  short  time  of  sintering  from  the 
diffusion  point  of  view  the  figure  of  merit  is  set  high 
enough.  We  can  estimate  from  the  diffusion  measurement 
that  after  5  hrs  almost  90%  of  material  remains  unreacted. 


Conclusion 

We  tried  to  prepare  the  material  for  n-type 
thermoelectric  branch  of  Bii,8Sbo.i9lno.oiXe2.85Seo,i5  by 
using  the  cold-pressed  method  from  the  powder  of  Bi2Xe3, 
882X03,  Bi2Se3  and  102X03  compounds. 

It  is  shown  that  our  model  of  interaction  of  vacancies 
with  AS-defects 

2  V’bi  +  3  V  To  +  Bi’je  =  V’ei  +  Bim  +  4  V  to  +  3  e’ 
is  consistent  with  our  observation. 
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HIGHEST  FIGURE  OF  MERIT  IN  UNDOPED  Bii.xSbx  ALLOYS 
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^loffe  Physico-Technical  Institute,  St  Petersburg,  Russia 

The  electrical  resistivity,  thermoelectric  power,  thermal  conductivity  and  thermoelectric  figure  of  merit  have  been  measured 
between  4.Z  and  300  K  on  three  Bii-xSbx  alloys  of  different  composition  (x  =  0.144,  0.165  and  0.181)  prepared  by  the 
travelling  heater  method.  The  temperature  dependences  of  these  parameters  follow  the  same  general  trends  than  semiconducting 
alloys  having  a  lower  Sb  content.  These  complementary  results,  allowing  to  cover  all  the  semiconducting  range  of  Bi-Sb 
alloys,  show  that  the  figure  of  merit  measured  at  70  K  is  maximum  for  two  Sb  contents  (x  =  0.09  and  0.16).  These  features 
have  been  qualitatively  explained  from  the  band  sfructure  and  interband  hole  scattering  mechanisms. 


Introduction 

Bismuth-rich  Bii-xSbx  alloys  are  the  best 
conventional  materials  for  the  n-type  legs  of  thermocouples 
used  in  thermoelectric  cooling  devices  operating  at 
temperatures  below  200  K  [1]. 

The  Bij.xSbx  alloys  constitute  a  continuous  series  of 
sustitulional  solid  solutions  for  which  drastic  changes  of 
their  band  structure  are  observed  depiending  on  the  antimony 
content  (Fig.  1).  The  semimetallic  character  of  bismuth  is 
determined  by  the  overlap  of  the  valence  band  maximum  at 
the  T  point  with  the  conduction  band  minimum  at  the  L 
point  of  the  Brillouin  zone.  When  bismuth  is  alloyed  with 
antimony,  this  overlap  is  reduced  by  increasing  the  Sb 
content.  Moreover,  the  energy  gap  at  the  L  point  decreases 
with  the  increase  of  Sb  content.  After  the  inversion  of  the 
two  L  bands  at  x  =  0.04  [2,3],  this  energy  gap  again 
increases.  For  an  Sb  content  of  x  =  0.07  [4,5],  there  is  no 
more  overlap  and  the  alloy  becomes  semiconducting.  As  the 
Sb  concentation  is  further  inaeased  to  about  x  =  0.22  [6,7] 
the  conduction  band  minimum  at  the  L  point  overlaps  an 
additional  valence  band  extremum  located  at  the  H  point 
inducing  the  alloy  system  to  undergo  from  the 
semiconducting  state  to  a  semimetallic  one.  The 
semiconducting  alloys  present  the  pecularity  to  possess 
thermal  gaps  that  do  not  exceed  25-30  meV,  so  that  they  can 
be  classified  as  narrow  band-gap  semiconductors.  Besides,  the 
very  small  direct  energy  gap  at  the  L  point  is  responsible  for 
high  carrier  mobilities,  small  effective  masses  and  non¬ 
parabolic  energy  momentum  dispersion  relation.  Moreover, 
because  this  direct  gap  is  small,  the  relative  changes  of  this 
parameter  with  temperature  is  expected  to  be  large  as  in  pure 
bismuth  [8,9]  for  temperatures  higher  than  90  K. 


Bismuth  Antimony 


SC ;  semiconductor 

Figure  1.  Schematic  diagram  of  the  band  edge 
configuration  of  Bii.xSbx  alloys  as  a  function  of  x  at 
T  =  0  K.  In  the  semiconducting  range,  the  band  gap  is 
maximum  around  x  =  0.15-0.17. 

So,  there  are  many  factors  which  change  according  to 
the  band  structure:  the  gap  and  other  distances  between 
bands,  the  effective  masses,  the  non-parabolicity  of  the  L 
bands,  the  densities  of  electrons  and  both  light  (L  band)  and 
heavy  holes  (T  and  H  bands),  the  chemical  potential,  the 
scattering  mechanisms  including  interband  scattering. 

All  these  factors  affect  the  transport  properties, 
particularly  the  thermopower  (a),  the  electrical  resistivity  (p) 
and  the  thermal  conductivity  (Z).  It  results  that  the 
optimization,  by  the  help  of  a  calculation,  of  the  figure  of 
merit  Z  =  a^/pT.  in  Bi-Sb  alloys  is  difficult  at  present  due  to 
drastic  changes  of  the  band  structure. 

The  temperature  dependence  of  the  figure  of  merit  of 
Bii-xSbx  alloys  for  x  <  0.13  has  been  previously  described 
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in  [10],  In  this  paper,  we  carry  on  with  the  investigation  of 
some  other  compositions  in  order  to  cover  a  great  part  of  the 
semiconducting  range  of  the  Bii-xSbx  alloys. 

After  introducing  the  experimental  part,  we  will 
discuss  about  electrical  resistivity,  thermoelectric  power  and 
thermal  conductivity  results  obtained  with  three  different 
alloys  (x  =  0.144,  0.165  and  0.181).  Then,  we  will  report 
the  evolution  of  the  figure  of  merit  against  antimony  content 
for  a  temperature  of  70  K.  Some  qualitative  explanations 
will  be  given  to  interpret  the  obtained  features. 

Experimental 

The  Travelling  Heater  Method  (THM)  was  used  to 
grow  Bij.xSbx  crystals  [11].  Special  care  was  taken  to 
reduce  the  detrimental  effect  of  constitutional  supercooling 
by  using  slow  growth  rates  (4  mm  day^).  The  temperature 
of  the  solvent  zone  heater  was  stabilized  to  within  ±  0.2  K. 
Ingots  of  15  mm  in  diameter  and  90  mm  in  length  were 
obtained.  The  antimony  content  was  determined  with  a 
Cameca  (CAMEBAX  SX  50)  microprobe  analyser.  The 
scatter  of  the  antimony  content  along  radial  and  longitudinal 
directions  was  about  3  and  5  at.  %  of  the  mean  content, 
respectively. 

Ingots  grown  by  the  THM  method  present  large 
monocrystalline  parts.  Parallelepiped-shaped  samples  cut 
from  large  single  crystals  with  a  string  saw  were  used  in  the 
investigation  of  the  transport  properties  (typical  dimension 
was  2x2x12  mm^).  The  largest  dimension  coincided  -with 
the  trigonal  axis. 


Figure  2.  Temperature  dependence  of  the  electrical 
resistivity  measured  along  a  direction  parallel  to  the  trigonal 
axis  of  Bi^.xSbx  alloys. 


Thermoelectric  coefficients  were  measured  on  a 
thermal  potentiometer  [12,13]  in  the  temperature  range  4.2  < 
T  <  300  K.  The  thermal  conductivity  and  the  thermoelectric 
power  were  measured  by  means  of  a  heat  and  sink  method, 
i.e  by  establishing  a  stationary  temperature  gradient  by 
supplying  heat  at  one  end  of  the  sample,  while  the  other  end 
is  remained  at  a  constant  temperature.  Special  care  was  taken 
to  avoid  problems  associated  with  thermal  losses  [13]. 

Results  and  discussion 

The  temperature  dependence  between  4.2  and  300  K  of 
the  electtical  resitivity  measured  along  a  direction  parallel  to 
the  trigonal  axis  (P33)  is  shown  in  Fig.  2  for  the  three 
compositions  studied.  The  resistivity  first  begins  to  increase 
sharply  up  to  a  temperature  Ti  located  near  30-50  K.  Then, 
it  decreases  down  to  a  temperature  T2  located  around  100- 
130  K.  Finally,  it  grows  slowly  until  room  temperature. 
The  exact  values  of  Tj  and  T2  depend  on  the  antimony 
content.  The  same  behaviour  was  already  encountered  in  the 
semiconducting  range  of  Bi-Sb  alloys  having  lower 
antimony  contents  [10]. 

The  features  of  these  curves  can  be  understood 
qualitatively  as  follows.  Below  Ti,  the  metallic  behaviour  of 
the  electrical  resistivity  can  be  explained  according  to  the 
hydrogenoid  model  in  terms  of  an  impurity  band  located  in 
the  conduction  band  [10].  When  the  intrinsic  density  of 
carriers  becomes  greater  than  the  density  of  impurities,  the 
classical  temperature  dependence  of  semiconductors  is  then 
obtained  showing  a  decrease  of  the  electrical  resistivity  as  the 
temperature  is  increased.  Supposing  that  the  electrical 
resistivity  varies  in  this  temperature  range  as : 

,  AE  . 

p  =  Poexp( - )  (1) 

2kT 

the  values  of  the  thermal  gap  AE  have  been  estimated  (table 
1).  Hiey  are  in  good  agreement  with  the  results  obtained  by 
Alekseeva  et  al.  [14], 

When  the  thermal  energy  kT2  is  nearly  equal  to  AE, 
the  intrinsic  density  of  carriers  is  weakly  temperature 
dependent.  The  increase  of  the  electrical  resistivity  for  T  > 
T2  reflects  then  the  decrease  of  the  mobility  of  the  carriers. 

Table  1.  Estimation  of  the  thermal  gap  deauced  irom 
relation  (1 ). 

X  0.144  0.165  0.181 


AE(meV) 


19.5 


18.3 


11.4 
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Figure  3.  Temperature  dependence  of  the  thermoelectric 
power  measured  along  a  direction  parallel  to  the  trigonal  axis 
of  Bii-xSbx  alloys. 


The  three  temperature  domains  observed  during  the 
study  of  the  electrical  resistivity  as  a  function  of  temperature 
are  also  encountered  in  the  study  of  the  thermoelectric  power 
(Fig.  3).  It  can  be  mentionned  that  the  temperature  limits  Tj 
and  T2  of  the  domains  are  the  same.  High  absolute 
numerical  values  are  obtained  for  temperatures  around  T i 
(>  200  nV  K'l).  Below  Ti,  the  thermoelectric  power  varies 
linearly  with  temperature,  in  agreement  with  the  proposal  of 
the  metallic  behaviour  observed  for  the  electrical  resistivity. 


Figure  4.  Temperature  dependence  of  the  thermal 
conductivity  measured  along  a  direction  parallel  to  the 
trigonal  axis  of  Bh-xSbx  alloys. 


Figure  5.  Temperature  dependence  of  the  thermoelectric 
figure  of  merit  measured  along  a  direction  parallel  to  the 
trigonal  axis  of  Bii-xSbx  alloys. 


The  temperature  dependence  of  the  thermal 
conductivity  is  similar  for  the  three  studied  alloys  (Fig.  4). 
Contrary  to  previous  results  [10],  the  substitution  of  Bi  by 
Sb  atoms  do  not  affect  anymore  the  lattice  thermal 
conductivity  which  is  mainly  responsible  of  the  heat 
transport  at  low  temperatures. 

The  figures  of  merit  deduced  from  the  previous 
transport  coefficients  are  reported  in  Fig.  5  as  a  function  of 
temperature.  The  curves  present  sharp  maxima  around  60  K. 
Values  of  roughly  7.0  10’^  are  obtained  for  x  =  0.165 
and  0.181  alloys. 

The  evolution  with  Sb  content  of  the  figure  of  merit 
obtained  at  70  K  for  the  Bii-xSbx  alloys  studied  here  and 
previously  [10,  the  measurements  were  made  in  the  same 
experimental  conditions]  are  reported  in  Fig.  6.  The  curve 
presents  two  maxima  :  one  for  x  ~  0.16  (Z  =  6.8  10"^  K'^), 
corresponding  to  the  value  for  which  the  thermal  gap  is  the 
highest  and  another  for  x  =  0.09  (Z  =  5.2  10'^  K"^),  when 
tops  of  the  valence  bands  at  the  L  and  T  points  are  on  the 
same  level  (lilte  the  situation  for  x  =  0.16  with  L  and  H 
bands).  At  70  K,  in  the  composition  range  0.09  <  x  <  0.16 
of  antimony,  the  top  of  the  valence  band  consists  in  light 
mobile  holes  that  influence  the  figure  of  merit  in  a  negative 
way.  The  holes  corresponding  to  additional  band  maxima  are 
relatively  heavy  and  immobile.  The  approach  of  one  of  this 
maximum  up  to  the  principal  extremum  decreases  the 
density  of  the  light  holes  and  simultaneously  increases  the 
electron  density.  The  lowering  of  the  density  of  mobile 
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Figure  6.  Antimony  content  dependence  of  the 
thermoelectric  figure  of  merit  at  70  K. 


minority  carriers  always  improves  the  figure  of  merit.  The 
raise  of  both  the  electron  density  and  the  chemical  potential 
may  also  be  positive  factors  if  tlie  density  is  not  optimal  and 
the  chemical  potential  is  not  near  the  bottom  of  the 
conduction  band. 

It  is  possible,  however,  that  interband  scattering 
occuring  through  transitions  between  the  bands  of  light  and 
heavy  holes  could  be  an  important  factor  affecting  the  figure 
of  merit.  This  mechanism  of  holes  scattering  may 
essentially  lower  the  mobility  of  light  holes  and  increase  the 
figure  of  merit  of  n-type  semiconductors.  Within  the 
composition  range  0.09  <  x  <  0.16,  the  interband  scattering 
is  maximal  when  the  heavy  hole  extremum  is  on  the  same 
level  than  the  light  hole  maximum.  The  figure  of  merit  may 
be  lowered  outside  this  range  because  of  the  decrease  of  the 
thermal  gap.  Therefore,  the  interband  hole  scattering  may 
explain  the  existence  of  the  two  maxima  in  the  evolution  of 
the  figure  of  merit  with  Sb  content  at  low  temperatures.  The 
same  mechanism  can  certainly  also  explain  why  the 
bismuth-antimony  alloys  cannot  be  good  p-type 
thermoelectric  materials. 

Conclusion 

The  study  of  the  transport  properties  within  the 
temperature  range  [4.2-300]  K  of  BixSbi_x  alloys 
(0.14  <  X  <  0.19)  completes  the  previous  one  performed  on 
more  Bi  rich  alloys.  It  allows  an  overview  of  the  variation  of 


the  thermoelectric  figure  of  merit  along  a  direction  parallel  to 
the  trigonal  axis  for  a  wide  range  of  compositions.  The 
figure  of  merit  obtained  at  70  K  is  maximum  for  two  values 
of  X  (x  =  0.09  and  x  =  0.16)  in  the  semiconducting  range  of 
the  Bi-Sb  alloys  and  reaches  values  as  high  as  6.8  10'^ 

The  position  of  the  two  maxima  can  be  qualitatively 
explained  from  the  band  structure  and  interband  hole 
scattering  mechanisms. 
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Thermal  expansion  coefficient  of  bismuth  telluride  thermoelectric 
semiconductor,  Bio.sSbi  5X03,  was  measured  in  the  wide  temperature 
range  from  70  K  to  410  K.  A  new  anomaly  was  firstly  found  at  304  K, 
which  corresponded  to  that  observed  in  specific  heat  and  elastic  modulus. 
This  evidence  may  be  attributed  to  some  changes  in  crystal  structure  and 
an  existence  of  a  structural  phase  transition. 


1.  INTRODUCTION 

Bi2Te3-Sb2Te3  alloys  have  been  extensively  studied  as 
the  most  effective  p-type  thermoelectric  material 
available  for  Peltier  devices  near  room  temperature  [1,  2]. 
The  crystal  structures  of  Bi2Te3  and  Sb2Te3  are  both 
hexagonal  (or  rhombohedral)  with  a  =  4.3835,  c  =  30.487  A 
for  Bi2Te3and  a  =  4.25,  c  =  30.35  A  for  Sb2Te3  at  room 
temperature  [3].  This  crystal  has  an  anisotropic  layer 
structure  and  the  layers  alternate  along  the  c-axis  in  the 
order  of  -Te-Bi-Te-Te-Bi-Te-Bi-Te-Te-  The  -Te-Te- 
layers  are  bound  weakly  with  the  van  der  Waals  force. 
Therefore  these  compounds  have  a  characteristic  easy 
plane  of  cleavage  perpendicular  to  the  hexagonal  c-axis. 
Recently  hot-pressed  polycrystalline  samples  have  been 
applied  for  Peltier  devices,  of  which  mechanical 
properties  and  figure  of  merit  were  drastically  improved. 
However,  due  to  the  nature  of  crystal  structure  mentioned 
above,  these  compounds  have  some  difficulty  for  mass 
production  of  small  modules.  To  give  enough  strength  for 
the  elements,  fine  polycrystalline  and  sintered  materials 
were  extensively  investigated.  On  the  other  hand,  these 
processes  affect  sensitively  thermoelectric  properties. 

Many  studies  have  been  reported  on  thermal  properties 
of  Bi-Te  alloys  such  as  thermal  expansion,  specific  heat, 
thermal  diffusivity  and  thermal  conductivity.  Previously 
we  reported  precise  measurements  of  specific  heat  of 
Bio.5Sb1.5Te3  in  a  wide  temperature  range  from  70  K  to  500 
K  by  AC  calorimetry  [4].  A  new  anomaly  was  observed  at 
270  K  in  addition  to  the  well  known  one  at  370  K. 
According  to  Gruneisen  formula,  it  is  considered  that  a 
thermal  expansion  coefficient  is  proportional  to  the 
specific  heat  of  lattice.  Therefore  the  anomaly  in  thermal 
expansion  coefficient  should  be  expected  at  270  K  if  this  is 
related  to  some  structural  changes.  However,  previous  X- 
ray  experiments  have  shown  that  the  linear  expansion 
coefficients  of  Bi2Te3  exhibit  no  anomalous  temperature 
dependence  from  4.2  K  to  600  K  [5], 

In  this  paper,  we  investigated  thermal  expansion 
properties  of  hot-pressed  Bio.5Sb1.5Te3  p-type  materials 


to  clcurify  whether  the  anomaly  in  thermal  expansion  can 
be  detected  or  not.  Temperature  dependence  of  a  hnear 
thermal  expansion  coefficient  a  was  discussed  in 
comparison  with  those  in  the  specific  heat  (Cp)  in 
Bio,5Sbi.5Te3.  An  anomaly  in  a  was  found  firstly,  which 
suggested  an  existence  of  a  structural  phase  transition  at 
270  K. 

2.  EXPERIMENTAL 

(2.1)  Preparation  of  Hot-Pressed  Samples 

Hot-pressed  samples  were  synthesized  from  Bi,  Sb  and  Te 
with  purity  of  99.999  %  by  melting.  In  preparation  of 
(Sb2Te3)o.75(Bi2Te3)o,25<  a  stoichiometric  amount  of 
compounds  and  an  additional  excess  of  Te  were 
encapsulated  in  glass  tube  with  a  few  amount  of  inert  gas. 
Excess  Te  is  used  to  get  adequate  carrier  concentrations. 
After  melted  solutions  were  shook  for  one  hour,  they  were 
solidified  rapidly  by  pulling  out  to  the  lower  zone  of  the 
furnace.  These  ingots  were  ground  into  powders.  After 
sieving  powders,  they  were  annealed  at  620  K  for  ten 
hours  in  the  atmosphere  of  hydrogen  gas  and  pressed  at 
about  770  K  under  the  pressure  of  400  kg/cm^  in  argon  gas. 
Crystal  structures  of  Bi2Te3  and  Sb2Te3  are  both 

hexagonal  with  space  group  of  -  R3m  at  room 
temperature.  The  lattice  constants  of  the  present  hob 
pressed  sample  are  examined  by  X-ray  diffraction  (CuKa) 
as  13  =  4.289(4)  and  c  =  30.457(15)  A  at  room  temperature. 
The  value  of  a  follows  well  with  Vegard's  law  for  alloys. 
However  the  c  lattice  constant  shows  a  positive  deviation, 
which  is  estimated  as  about  0.07  A.  The  deviation  of  the 
hexagonal  axis  from  Vegard's  law  was  observed  also  in 
Bi2Se3-Bi2Te3  [6].  By  X-ray  diffraction,  it  was  confirmed 
that  these  samples  were  highly  oriented  along  the 
hexagonal  c-axis  [4]. 

(2.2)  Thermal  Expansion  Measurement 

It  is  weU  known  that  V2-VI3  compounds  exhibit 
anisotropic  thermoelectric  properties.  The  linear  thermal 
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expansion  coefficient  a  perpendicular  to  the  hexagonal  c- 
axis  was  measured  by  two  strain  gauge  method  with  a 
reference  sample  Cu  perpendicular  to  the  pressing 
direction  (almost  the  hexagonal  c-axis)  of  hot-pressed 
samples.  The  dimension  of  samples  used  was  4x35  mm^  in 
area  and  1-0.5  mm  along  the  hot-pressed  hexagonal  c-axis 
in  thickness.  Small  strain  gauges  (Kyowa  KFL-02)  were 
attached  by  gauge  cement  (Kyowa  PC-6)  to  the  sample  and 
the  reference  Cu  sheet  under  the  same  condition. 


FIGURE  1.  Schematic  diagram  of  thermal 
expansion  measurements.  A  :  Wheatstone  brigde, 

B:  Guage  amplifier,  C  :  Cryostat,  D  :  Micro¬ 
computer,  E  :  Temperature  controller,  S  ;  Sample 
(Bio  sSbi  5Te3) ,  R  :  Reference  sample  (Cu). 

After  annealing  1  hour  at  80  °C,  2  hours  at  130  °C,  and  2 
hours  at  150  °C,  measurements  were  performed  from  liquid 
nitrogen  temperature  to  410  K.  Output  signals  of 
Wheatstone  bridge  amplified  by  a  strain  gauge  amplifier 
(Kyowa  DPM-611B)  were  monitored  and  analyzed  by  a 
personal  computer.  A  schematic  diagram  of  experimental 
setup  was  shown  in  Figure  1. 

3.  RESULTS  AND  DISCUSSION 

(3.1)  Thermal  Expansion  Coefficient 

The  volumetric  and  linear  thermal  expansion  coefficients, 
(3  and  a  are  given  as 

p  =  (61n  R/  6r)p, 

a  =  (bln  /  /  6r)p, 

whore  V  and  1  are  volume  and  length  of  sample  at 
temperature  T.  For  isotropic  solids,  the  relation  (3  =  3a 
hold. 

Generally  thermal  expansion  is  considered  to  be  induced  by 
lattice  vibrational,  some  electronic  and  magnetic 
contribution.  At  sufficient  high  temperature  such  as  at 
room  temperature  for  our  samples,  the  lattice  vibrational 
contribution  is  essential. 


Temperature  dependence  of  a  perpendicular  to  the 
hexagonal  c  axis  of  Bio.5Sb1.5Te3  is  shown  in  Figure  2. 
The  value  of  a  at  300K  is  16-10'^  K'^,  which  is  in  good 
agreement  with  the  values  22T0''^  for  pure  Sb2Te3  [7]  and 
14.4T0‘^K*1  forpureBi2Te3[5].  Below  room  temperature, 
a  changes  rather  rapidly  and  shows  a  small  but  sharp 
peak  at  Tc  =  304  K.  In  the  high  temperature  region,  it  is 
almost  constant  but  increase  above  400  K. 


FIGURE  2.  Temperture  dependence  of  a  linear 
coefficient  of  thermal  expansion  a  of 
Bio  5Sbi  5Te3.  A  new  small  peak  was  observed  at 
304  K. 

The  small  peak  in  a  is  considered  to  be  related  to  the 
anomaly  in  heat  capacity  as  discussed  in  the  following 
section.  This  evidence  indicates  that  there  are  some 
structural  changes  at  Tc,  which  may  be  expected  to  the 
occurrence  of  structural  phase  transition  in  BiO.5Sbl.5T 03. 
However  the  temperature  of  the  anomaly  in  a  is  about  20 
K  higher  than  that  reported  in  the  specific  heat 
measurement  [4].  Then  it  should  be  probable  that  the 
temperature  Tc  depends  on  the  concentration  of  Bi  and  Sb  in 
the  samples.  To  see  this  possibility,  we  measured  a  of 
Bi2Te3  and  Sb2Te3,  of  which  results  were  shown  in  Figures 
3  and  4.  The  general  behaviour  in  a  shows  similar 
temperature  dependence  each  other.  Around  room 
temperature,  the  values  of  a  of  Bio.5Sbi,5To3  are  almost 


T(K) 


FIGURE  3.  Temperture  dependence  of  a  linear 
coefficient  of  thennal  expansion  a  of  Sb2Te3. 
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FIGURE  4.  Temperture  dependence  of  a  linear 
coefficient  of  thermal  expansion  a  of  Bi2Te3. 

constant  and  are  suppressed  compared  with  those  of 
Sb2Te3  and  Bi2Te3.  The  sharp  peak  of  a  in  Bio.5Sbp5Te3 
changes  a  broad  one  around  Tc  =  346  K  in  Sb2Te3  and  a 
vague  one  at  Tc  =  332  K  in  Bi2Te3.  The  tendency  of  slight 
increase  in  a  was  observed  above  400  K  in  all  three 
samples.  Although  it  is  not  clear  to  confirm  the  explicit 
relation  between  Tc  and  the  concentration  ratio  of  Bi/Sb, 
Tc  is  influenced  sensitively  by  the  concentration  or  the 
hall  concentration  in  these  samples. 


(3.2)  Comparison  with  S-pp.r.ific  Heat 

A  change  of  volume  A  F  is  known  to  follow  the  Gruneisen 
formula; 

^=ky  U(T) 

where  k,  y  and  U{T)  are  compressibility,  Gruneisen 
constant  and  the  energy  in  the  lattice  modes  at  T, 
respectively.  Therefore  the  thermal  expansion  coefficient 
p,  which  is  the  derivative  of  the  dilatation  with  T,  is 
proportional  to  the  phonon  specific  heat  [8]. 

Figure  5  shows  the  temperature  dependence  of  specific 
heat  of  hot-pressed  sample  of  Bio.5Sb1.5Te3  measured  by 
an  AC  calorimeter  [4],  which  shows  two  anomalies  at  270  K 
and  370  K.  Above  room  temperature,  the  anomalous  part 
of  Cp  is  relatively  large  compared  with  one  at  270  K.  The 
anomaly  about  370  K  is  considered  to  correspond  to  the 
metal-insulator  phase  transition,  which  corresponds  to  the 
anomaly  of  resistivity  of  p-type  Bi2Te2.85Seo.i5  reported 
by  Kaibe  [9]. 

At  270  K,  small  and  cusp-like  anomaly  was  found.  In 
single  crystal  of  Bio,5Sbi.5Te3,  the  corresponding  anomaly 
at  270  K  was  also  detectable  but  it  was  rather  broad  which 
may  be  due  to  the  inhomogeneity  of  the  sample. 

The  behaviour  of  specific  heat  is  very  similar  to  those 
observed  in  linear  coefficients  of  thermal  expansion  as 
expected  from  the  Gruneisen  formula,  although  our 
samples  are  not  isotropic  but  axial  crystals. 
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FIGURE  5.  Temperature  dependence  of  specific 
heat  of  hot-pressed  Bio,5Sb  1.5TQ  measured  by  AC 
calorimetry-  Two  anomalies  at  370  K  and  270  K 
were  found,  (a)  Overall  dependence  on  temperature, 
and  (b)  an  expanded  plot  of  (a)  around  270  K. 
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(3.3)  Comparison  with  Elastic  Properties 

The  origin  of  this  new  anomaly  in  a  and  Cp  has  not  been 
well  understood,  but  this  suggests  the  possibility  of 
structural  phase  transition  at  270  K. 

For  axial  crystals  as  our  hexagonal  samples,  the  linear 
coefficient  a  is  given  as 

a  ={(s]i  -f  512)  yo.  +  513Y//}  Cp  I  V 

where  sij  are  elastic  compliances,  and  y_L  and  y//  are 
principal  Gruneisen  functions  perpendicular  and  parallel 
to  the  hexagonal  axis  [10].  Therefore  similar  anomalies 
should  be  expected  in  elastic  properties  of  Bio.5Sb1.5Te3. 
Ultrasonic  measurements  of  Bi2Te3  [11]  showed  a  small 
increase  of  elastic  modulus  egg  (=  (cii  +  ci2)/2)  around  260 
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K,  which  might  be  regarded  as  the  same  origin  of 
anomalies  in  thermal  expansion  and  specific  heat. 

Recently,  it  is  known  that  the  IV-VI  compounds  such  as 
GeTe,  SnTe,  Pb|-;fSnxTe,  Pbi-j;Ge;^;Te  [12, 13, 14]  and  the  II- 
VI  compound  Cdi.j;Mn;(;Te  [15],  undergo  structural  phase 
transitions  and  represent  a  unique  class  of  displadve 
ferroelectric  semiconductors  with  a  narrow  energy  gap. 


4.  CONCLUSION 

The  thermal  expansion  properties  of  Bio.5Sb1.5Te3  were 
studied.  It  has  been  found  that  the  new  anomaly  in 
thermal  expansion  coefficient  was  observed  at  304  K  as 
well  as  the  anomalies  in  specific  heat  and  elastic  modulus. 
It  may  be  explained  weU  that  this  anomaly  appears  as  a 
result  of  a  new  phase  transition.  Further  structural  studies 
of  BiQ.sSbi  5Te3  crystals  are  necessary  to  confirm  the 
existence  of  structural  phase  transition. 
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Abstract 

The  ingots  of  90%Bi2Te3-10%Bi2Se3  solid  solution  were 
grown  by  the  zone  melting  method  and  their  thermoelectric 
properties  were  measured.  From  the  experimental  study  on 
the  segregation  behaviors  of  each  component,  it  was  found 
that  the  abrupt  increase  of  the  electrical  resistivity  and 
Seebeck  coefficient  near  the  top  of  the  ingot  originated 
mainly  from  the  evaporation  of  Te  and  Se.  The  addition 
of  0.3  wt.%  excess  Te  to  the  starting  composition  was  found 
to  be  effective  to  have  uniform  carrier  concentration  and  the 
thermoelectric  properties  vary  little  along  the  ingots. 

Introduction 

In  the  previous  study[l]  on  the  thermoelectric 
properties  of  the  BhTes-BhSea  system,  we  confirmed 
that  the  maximum  figure  of  merit  higher  than  2.95x10  ^ 
K’^  can  be  obtained  at  about  6-10  mol%  Bi2Se3 
composition  with  CdCb  doping.  When  we  examined  the 
distributions  of  the  thermoelectric  properties  along  the 
ingots  grown  by  the  zone  melting  method,  abrupt 
increases  of  the  Seebeck  coefficient  and  electrical 
resistivity  were  found  near  the  top  of  the  ingot  which 
were  caused  by  the  segregation  of  the  components. 
Because  bismuth  telluride  ingots  are  usually  grown  by 
the  zone  melting  method,  it  is  important  to  have 
uniform  thermoelectric  properties  for  high  yields.  In  the 
present  study,  severals  methods  have  been  tried  to 
alleviate  the  segregation  problem  and  ingots  having 
very  uniform  thermoelectric  properties  could  be  grown 
by  the  addition  of  excess  Te  or  by  using  a  dummy 
block  in  the  ampoule. 

Experimental' 

High  purity 099.99%)  Bi,  Te  and  Se  granules  with 
CdCb  as  dopants  were  weighed  into  a  quartz  tube  13 


mm  in  internal  diameter,  the  inside  wall  of  which  had 
been  coated  with  carbon  by  acetone  cracking.  The 
weight  of  each  ingot  was  150g.  The  quartz  tube  was 
vacuum  sealed  under  10  torr  and  the  content  melted 
and  homogeneously  mixed  in  a  rocking  furnace  for  2 
hours.  The  ingots  were  grown  in  the  zone  melting 
furnaces  with  narrow  and  normal  zone  lengths  at  800'’C 
and  the  growth  speed  was  fixed  at  0.1  mm/min. 
Rectangular  samples  of  5x5x10  mm  were  cut  along 
the  growth  direction  of  the  ingot  by  an  electrodischarge 
cutting  machine  for  the  measurements  of  the 
thermoelectric  properties  parallel  to  the  growth 
direction.  The  Seebeck  coefficient  a  was  measured  by 
the  heat  pulse  method  and  the  electrical  resistivity  and 
figure  of  merit  by  the  Harman  method  at  300  K  as 
described  earlier[2].  The  segregations  of  each 
component  along  the  growth  direction  of  the  ingot  were 
examined  by  the  ICP  analysis. 

Results  and  Discussions 

Thermoelectric  properties  along  the  ingot 

Fig.  1  shows  the  variations  of  the  Seebeck 
coefficient  and  electrical  resistivity  along  the  ingot  of 
90%Bi2Te3-10%Bi2Se3  solid  solution  with  CdCb  dopant. 
The  Seebeck  coefficient  and  electrical  resistivity  react 
more  sensitively  to  the  variation  of  dopant  than  that  of 
the  composition.  Thus  uniform  thermoelectric  properties 
along  the  ingot  except  the  top  part  means  that  the 
dopant  segregation  was  little  whereas  there  was 
considerable  compositional  segregation  as  shown  in  Fig. 
2.  Near  the  top  of  the  ingot,  however,  they  start  to 
increase  abruptly  so  that  the  power  factor  and  the 
figure  of  merit  decreased  when  Seebeck  coefficient 
became  higher  than  250  iN/K.  When  the  molten  zone 
lengthd.e.,  the  length  of  the  furnace)  was  short,  the 
Seebeck  coefficient  started  to  increase  at  the  higher 
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Fig.  1.  Variatioiiol  electrical  resislivitj  and  Scebeck 
coefficient  along  ingots. 


Fig.  2  Segregation  of  Bi2Se3  along  ingot. 

part  of  the  ingot.  Because  both  the  Seebeck  coefficient 
and  electrical  resistivity  increased  simultaneously  there 
must  be  decrease  of  carrier  concentration  near  the  top 
of  the  ingot.  One  can  consider  two  possibilities  of 
decrease  in  carrier  concentration;  one  is  the  segregation 
of  the  halogen  dopant  and  tlie  other  is  that  of  the  main 


components  because  the  evaporation  of  them  may  cause 
increase  in  Seebeck  coefficient  as  well  as  in  electrical 
resistivity.  We  assumed  that  the  evaporation  of  Te  and 
Se  takes  place  by  the  following  reaction.  [3] 

BbTefSelsisolid  or  liquid)  (x/2)Te2(g) 

or  (Se)2(g)  +  BbTeiSela-x  (s)  (1) 

Efkct  of  jree  space 

Because  Bi,  Te  and  Se  granules  with  CdCk  dopants 
were  weighed  into  a  quartz  tube  and  then  melted  and 
homogenized  within  a  rocking  furnace  before  growing 
by  the  zone  melting  method  there  was  always  free 
space  at  the  upper  part  of  the  quartz  tube.  Thus  near 
the  end  of  the  zone  melting  growth  elements  can  be 
easily  evapxirated  to  the  free  space  where  pressure  is 
lower  then  10  Torr.  To  check  this  a  quartz  rod  as  a 
dummy  bar  was  inserted  into  the  quartz  tube  after 
melting  to  reduce  the  free  space  as  shown  in  Fig.  3. 
More  uniform  distribution  of  Seebeck  coefficient  as 
shown  in  Fig,  4  could  be  obtained  whereas  the 

compositional  segregation  along  the  ingot  changed  little 
as  shown  in  Fig.  2.  These  results  suggest  that  the 
increase  in  Seebeck  coefficient  near  tlie  top  of  the  ingot 

was  mainly  due  to  the  evaporation  of  Se  or  Te  since 

the  equilibrium  partial  pressures  of  Bi  is  much  lower 
than  those  of  chalcogenide  Se  and  I’e  in  the  solid 

solution  near  the  melting  temperature.  But  the  amount 
of  evaporation  was  not  high  enough  to  bring  discernible 
compositional  change. 


Fig.  3  Mclhod  of  reducing  free  space 
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Efict  of  excess  Te 

Although  we  can  improve  the  yield  of  ingot  by 
reducing  the  free  space,  this  method  needs  additional 
time  and  quartz  tube.  To  compensate  the  decrease  of 
the  carrier  concentration  by  the  evaporation  of  the 
components  near  the  top  of  the  ingot,  excess  Te  was 
added  to  the  starting  composition.  This  idea  came  from 
the  experimental  results[4]  on  22.5%Bi2Te3-77.5%Sb2Te3 
p-type  solid  solution  where  excess  Te  whose 
segregation  coefficient  is  less  then  1  goes  to  the  top 
part  of  the  ingot  in  the  zone  melting  process  and  from 
the  fact  that  Seebeck  coefficient  and  electrical 
resistivity  are  much  less  sensitive  to  the  excess  Te 
than  to  the  amount  of  dopant.  Fig.  5  and  Fig.  6  shows 
the  effect  of  excess  Te  on  Seebeck  coefficient  along 
the  ingot.  As  can  be  seen  in  this  figure,  0.3  wt% 
excess  Te  was  enough  to  increase  the  uniformity  of 
Seebeck  coefficient  considerably.  It  also  confirms  that 
the  effect  of  dopant  evaporation  was  small,  if  any. 
However  too  much  excess  Te  slightly  reduced  Seebeck 
coefficient  throughout  the  ingot.  From  these  results,  the 
decrease  in  carrier  concentration  according  to  the 
evaporation  Te  or  Se  can  be  explained  as  follows. 


Distance  along  ingot,  cm 


Fig.  5  Effect  of  excess  Te  on  Seebeck  coefficient 


Fig  .4  Effect  of  dummy  bar  on  Seebeck  coefficient 


Fig.  6  Effect  of  excess  Te  on  electrical  resistivity. 


Figure  of  merit  x  10  ^  ,  K  Seebeck  coefficient ,  ij.  V/K 
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Amout  of  excess  Bi,  wt% 

Fig. 7  Effect  of  excess  Bi  on  Seebeck  coefficient. 


Distance  along  ingot,  cm 


Wloen  Te  or  Se  is  evaporated  by  the  eqn,  (1),  the 
concentration  of  the  melt  becomes  rich  in  Bi  compared 
to  the  starting  composition  and  the  carrier  concencration 
will  be  decreased  near  the  top  part  of  the  ingot  after 
solidification.  On  the  other  hand,  Fig.  7  shows  that  the 
addition  of  excess  Bi  to  the  starting  composition 
decreases  carrier  concentration  whereas  the  effect  of 
excess  Te  on  the  carrier  concentration  was  small  as 
shown  in  Fig.  5  and  Fig.  6.  With  0.3  wt%  excess  Te 

■"3 

ingots  having  the  figure  of  merit  higher  than  3.0x10 
K  '  throughout  the  ingot  could  be  obtained  as  shown  in 
Fig.8. 

Conclusions 

The  abrupt  increase  in  Seebeck  coefficient  along  the 
ingot  of  90%Bi2Te3-10%Bi2Se3  solid  solution  with 
CdCb  dopant  was  caused  by  tire  evaporation  of  Se  and 
Te.  This  can  be  prevented  by  reducing  the  free  space 
in  the  quartz  amixiule  or  by  the  addition  of  excess  Te 
to  the  starting  composition. 
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TlHLRMOl  1 1  CTRIC  PROPI  RTII  S  Of  SbyTe:i-SnTe 
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Thennoelectrie  properties  of  eutectic  alloys  in  Bi:Tei-PbTe,  Sb2Te.i-PbTe  and  Sb^Te.i- 
SnTe  systems  were  investigated.  Seebeck  coefficients  show  little  dependence  on  the 
content  of  PbTe  or  SnTe  but  electrical  and  thennal  conductivities  show  different 
variatioas  in  each  alloy  system  with  PbTe  or  SnTe.  The  behaviors  of  electrical  and 
thermal  conductivities  can  be  understood  based  on  microsnuctural  changes  re.sulting 
from  different  cooling  rates  during  solidification  or  by  subsequent  heat  treannents.  The 
relatioaship  of  thennoelectrie  properties  and  microsmictures  is  discussed  in  light  of 
scattering  effects  of  dispersed  phases  on  carriers  and  phonoas. 


1.  INTRODUCTION 

Efficiency  of  direct  energy  conversion  with  thennoelectrie  devices 
depends  on  figure  of  merit  (Z=a^0lK,  where  a  is  Seebeck  coefficient,  o 
electrical  conductivity,  and  K  thennal  conductivity)  of  thennoelectrie 
materials  as  well  as  devising  techniques  and  operating  conditions.  High 
figure  of  merit  can  be  achieved  through  increasing  Seebeck  coefficient 
and  electrical  conductivity  and  decrea.stng  thermal  conductivityfl]. 

But  it  is  not  possible  to  imptrove  Seebeck  coefficient  and  electrical 
conductivity  together,  because  they  vary  in  opposite  way  as  a  function 
of  carrier  concentration  and  mobility[2],  Thermal  conductivity  is  closely 
related  to  the  mobilities  of  carriers  and  phonons.  Phonon  contribution 
to  thennal  conductivity,  namely  lattice  thermal  conductivity,  is  made 
independent  of  earners.  A  large  amount  of  research  on  thennoelecdic 
materials  have  been  done  to  reduce  lattice  thermal  conductivity  by 
several  methods  such  as  solid  solution  alloying[3  ~5],  fine  powder 
sintering[6  ~  12]  and  nonconducting  powder  dispersion!  13  — 14].  Solid 
solution  alloying  proved  its  effectiveness  to  decrease  the  lattice  thermal 
conductivity  of  BhTea  and  SbjTer  based  theniMelectric  materials.  Despite 
the  reduction  of  thermal  conductivity  by  fine  powder  sintering  and  non¬ 
conducting  powder  dispersion,  little  improvement  of  figure  of  merit  was 
achieved  due  to  the  accompanying  reduction  of  electrical  conductivity. 
On  the  other  hand,  fine  particles  with  good  electrical  conductivity  were 
used  as  dispersing  phases  to  reduce  lattice  thermal  conductivity  without 
deteriorating  electrical  conductivity.  We  reported  that  the  lattice  thennal 
conductivity  of  Bi2Terl9mol%  PbTe  alloy  can  be  reduced  by  aligning 
rod  type  (Bi2Te3)2(PbTe)  eutectic  phases  in  the  B^Tes  matrix  by  uni¬ 
directional  solidification[15]. 

In  this  study,  uniform  dispersion  of  PbTe  or  SnTe  phase  with  good 
electrical  conductivity  in  the  corresponding  matrix  was  attempted  to 
reduce  thermal  conductivity.  Thermoelectric  properties  of  pseudo¬ 
eutectic  alloys  are  examined  with  respect  to  the  fraction  of  dispersed 
phase  and  their  microstracturcs. 

2.  EXPERIMENTAL 

BbTes,  SbzTes,  PbTe,  and  SnTe  were  prepared  by  melting  99.99% 
pure  Bi,  Te,  Sb,  Pb,  and  Sn  in  each  stoichiometric  proportion  at  800  — 
1000 'C  in  quartz  tube  of  13nim  diameter  vacuum  sealed  under  10'^  torr. 
Microvibtation  during  melting  was  applied  to  make  sure  compositional 
homogeneity. 

BLTes- 10 — 70mol%  PbTe  alloys  of  6mm  diameter  were  prepared  - 
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by  melting  at  800 "C  and  subsequent  furnace  c(X)ling  or  water  (|ueiiching. 
Sb:Tee5~40mol%  PbTe  and  Sb:Ter5~-40mol%  SnTe  alloys  of  the 
.same  size  were  water  quenched  from  melts  and  part  of  these  alloys 
were  additionally  heat  treated  at  300— 500  "C  f<ir  100  hrs. 

Microsmictures  were  examined  by  optical  microscope  after  etching 
with  HN0.,;HC1:H:0=1;1:2  and  HNO.i:H:0=  1 : 1  solution  for  BiAe.'^ 
based  alloys  and  Sb;Te.rbased  alloys,  respectively.  The  measurement 
method  for  Seebeck  coefficient  is  de.scribed  elsewheref  1 1,12].  AC  4 
point  probe  method  was  employed  for  the  measurement  of  electrical 
conductivity.  Figures  of  merit  were  measured  by  Hannan  methcxlf  16], 
and  thermal  conductivities  were  evaluated  from  the  figures  of  merit, 
Seebeck  coefficients  and  electrical  conductivities  obtained. 

3.  RESULTS  AND  DISCUSSION 

3.1.  BiiTe.i-PbTe  alloys 

In  Bi2Te.(-PbTe  pseudo-binary  system,  eutectic  alloy  consisting  of 
BijTej  and  (Bi;Te.03(PbTe)  phases  is  fonned  at  19mol%  PbTe|  17, 18]. 
The  Seebeck  coefficient  and  electrical  conductivity  of  (Bi;Te.i)2(Pb3  e) 
phase  are  87/tzVK''  and  \  respectively. 

Figure  1  shows  the  thermoelectric  properties  of  Bi:Te,i-PbTe  pseudo- 
binary  system  as  a  function  of  PbTe  mol%.  Seebeck  coefficiem  shows  a 
slight  increase  with  PbTe  mol%.  Different  ceding  metkxLs  in  this  system 
produced  no  difference  in  Seebeck  coefficient  within  experimental 
error.  Electrical  conductivity  decreases  with  the  PbTe  content.  The 
electrical  conductivities  of  furnace  cooled  alloys  are  slightly  higher 
than  those  of  water  quenched  ones.  Thennal  conductivities  drastically 
decreases  from  4.5Wm'‘K'‘  to  0.8Wm  'K’‘  as  the  PbTe  content  increases 
from  10mol%  to  20mol%  regardless  of  cooling  rate.  However,  cooling 
methods  affected  thermal  conductivities  in  a  different  way.  Above 
20mol%  PbTe,  as  shown  in  Fig.  1(c),  the  thermal  conductivities  of 
water  quenched  alloys  datrease  from  4.5  Wm’*K''  to  1.1  Wm  'K  ',  but  on 
the  contrary  those  of  furnace  cooled  ones  increase  from  0.8  Wiii  'k  ' 
to  4.8  Wm  ’K'*,  as  the  amount  of  PbTe  increases. 

Variation  of  thermoelectric  properties  with  PbTe  can  be  appreciated 
qualitatively  from  the  mixture  rule  of  composite  materials!  19]  and 
their  microstmctural  developments.  We  can  explain  the  decrease  in 
electrical  conductivity  with  PbTe  mol%  with  the  following  two  aspects  ; 
one  is  the  reduction  of  electron  concentration  due  to  alloying  p-tyjte 
PbTe  in  n-type  BiiTes  and  the  other  is  the  increa.sed  electron  scattering 
by  dispersed  (Bi2Te3)2(PbTe)  phases. 

The  large  difference  in  thermal  conductivity  above  20mol%  PbTe 
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FIG.  1  Variation  of  thermoelectric  properties  with  PbTe  mol% 
in  BijTsj-PbTe  alloys  ;  (a)  Seebeck  coefficient,  (b)  electrical 
conductivity,  (c)  thermal  conductivity  and  (d)  figure  of  merit 

between  the  furiHce  cooled  and  water  quenched  alloys  can  be  understood 
trail  their  microstructures.  As  shown  in  Photo.  1,  fine  dendrites  of  5  ~1 
fm  diameter  were  formed  in  the  matrix  for  water  quenched  alloys,  but 
large  dendrites  of  50~70Ani  diameter  for  furnace  cooled  ones.  As  tlie 
PbTe  amount  increases,  dendrites  of  both  types  will  increase  phonons 
scattering  in  the  matrix  because  the  interdendritic  spacing  becomes 
smaller.  However,  in  the  case  of  furnace  cooled  alloys,  the  size  of 
dendrite  relative  to  the  mean  free  path  of  long  wavelength  phonon  will 
increase  with  PbTe.  Therefore  the  thermal  conductivity  within  dendrite 
will  increase  with  PbTe  due  to  the  decreasing  phonon  scattering, 
resulting  in  the  increase  of  overall  thermal  conductivity  with  PbTe. 


PHOTO.  1.  Optical  micrographs  of  BijTei-PbTs  alloys  showing 
different  dendritic  morphologies  due  to  cooling  rate  from  melts; 

(a)-(b)  10mol%  PbTe,  (c)-(d)  40nnol%  PbTe  and  (e)-(r)  70mol%  PbTe, 

(Sb2Te3).i(PbTe)2  phases  in  as-water-quenched  .state  iire  changed  to 
regular  lamellar  phases  after  heat  treatments  at  300°C  and  500'’C 
Unstable  microstructures  of  water  quenched  samples  will  have  more 
solubility  of  PbTe  and  thus  more  lattice  distortion  in  the  matrix  than 
stable  lamellar  structures  in  furnace  cooled  or  .subsequently  heat  tretued 
samples.  Therefore  lamellar  structure  will  have  higher  elecnical  and 
thermal  conductivities. 


3.2.  SbiTej-PbTe  alloys 


3.3  SbjTej-SnTe  alloys 


In  Sb2Te3-PbTe  system,  (Sb2Te3).r(PbTe):  phase  which  lia.s  53/cVIs;'‘ 
of  Seebeck  coefficients  and  2.55Wm''K'’  of  thermal  conductivity 
fonns  pseudo-eutectic  alloy  with  SbzTe.rflQ]. 

Figure  2  shows  the  trends  of  thermoelectric  properties  with  PbTe 
in  water  quenched  SbiTej-PbTe  s)atem.  The  Seebeck  coefficient  .shows 
an  abrupt  drop  around  15mol%  PbTe  and  the  electrical  and  themial 
conductivities  show  somewhat  weaker  drops  around  25mol%  PbTe. 
This  drop  in  electrical  and  thenral  conductivity  around  30mol%  PhTe 
can  be  explained  by  a  significant  change  in  microstructure  as  shown  in 
Photo.  2.  Rod  type  of  eutectic  phases  are  observed  up  to  20inc)T;c, 
PbTe  and  lamellar  type  of  inicrostructures  appear  from  30inol%.  We 
believe  that  the  significantly  increased  second  phase  fraction  fioin 
30mol%  PbTe  with  the  appearance  of  lamellar  structure  is  responsible 
for  such  sudden  decreases  of  electrical  and  thennal  conductivities  at 
the  corresponding  composition. 

The  variations  of  thermoelectric  properties  with  microsUuctural 
changes  were  investigated  for  the  40mol%  PbTe-Sb2Te,i  alloy  which 
showed  the  lowest  thermal  conductivity.  The  thermoelectric  properties 
of  the  alloy  as  a  function  of  cooling  rates  and  heat  treatments  are 
suininarized  in  Table  1 .  Similar  to  the  results  of  Bi^Te.t-PbTe  system, 
the  electrical  and  thermal  conductivities  of  furnace  ccxrled  alloys  are 
1.8  and  1.6  times  higher  than  those  of  water  quenched  ones, 
re.spectively.  In  water  quenched  samples,  subsequent  heat  Ueatments 
increased  electriail  and  thermal  conductivities.  Furthennore  the  higher 
temperature  produced  better  electrical  and  thennal  conductivities.  As 
can  be  seen  in  Photo.  2(d)  and  Photo.  3(a)  and  (c),  irregular  sliape  of 


In  the  SbjTerSnTe  pseudo-binaiy  system,  (Sb2Te3)(SnTe)  pfase  has 
24/^VK  of  Seebeck  coefficient  ajid  3200Sl'*cm’'  of  electrical  conductivity 
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FIG.  2.  Variation  of  thermoelectric  properties  with  PbTe  mol% 
in  SbjTej-PbTe  alloys;  (a)  Seebeck  coefficient,  (b)  electrical 
conductivity,  (c)  thermal  conductivity  and  (d)  figure  of  merit 


110 


PHOTO,  2,  Microstructural  changes  of  water  quenched  Sb2T63-PbTe 
alloys  due  to  mole  fraction  of  PbTe  compounds;  (a)  10mol%  PbTe, 

(b)  20mol%  PbTe,  (c)  30mol%  PbTe  and  (d)  40mol%  PbTe. 


PHOTO.  3.  Microstructural  variation  of  Sb2Te3-PbTe  and  Sb2Te3-SnTe 
alloys  with  the  heat  treatment  condition; 

(a)  SbzTea  -  40mDl%  PbTe  alloys  at  300  C  during  100  hours 

(b)  SbaTss  -  30mol%  SnTe  alloys  at  300  C  during  100  hours 

(c)  SbjTes  -  40mol%  PbTe  alloys  at  500  C  during  100  hours 

(d)  Sb2Te3  -  30mol%  SnTe  alloys  at  500  C  during  100  hours 

and  forms  eutectic  alloy  with  SbjTej  at  22mol%  STiTe[18,21]. 

Fig.  3  shows  the  behaviors  of  thermoelectric  properties  with  SnTe 
mol%.  Seebeck  coefficient  decreases  with  SnTe,  but  electrical 
conductivity  increases  with  SnTe.  Thermal  conductivity  decreases  with 
SnTe  up  to  30  moI%  and  then  suddenly  increases. 

The  behaviors  of  electrical  and  thermal  conductivities  witli  SnTe 
can  be  understood  from  the  high  electrical  conductivity  of  (Sn2Tej) 
(SnTe)  and  the  mixture  rule  for  composite  iraterials  except  at  30inol%. 


FIG.  3.  Variation  of  thermoelectric  properties  with  SnTe  mol% 
in  Sb2Te3-SnTe  alloys  ;  (a)  Seebeck  coefficient,  (b)  electrical 
conductivity,  (c)  thermal  conductivity  and  (d)  figure  of  merit 

Abnormal  behaviors  in  some  thermoelectric  properties  at  30mol  % 
SnTe  can  be  explained  presumably  by  its  unusual  microstnttture.  As 
shown  in  Photo.  4(c),  the  30mol%  SnTe-SbzTej  alloy  which  is  located 
near  the  eutectic  compcKition  shows  irregular  needle-like  phases  of  a 
few  tm  width.  The  boundaries  of  these  phases  are  thought  to  act  as 
scattering  centers  of  carriers  and  phonons.  This  irregular  needle-like 
structure  changes  to  regular  tod  type  and  finally  to  spherical  shape  by 
heat  treatments,  as  shown  in  Photo.  3(b)  and  (d). 

As  the  treatment  temperature  increases  from  300°C  to  500“C,  the 
electrical  and  thermal  conductivities  increase  due  to  the  improved 
regularity  of  microstractures  as  shown  in  Table  2. 

4.  CONCLUSIONS 

Eutectic  alloys  of  BpTes-PbTe,  Sb^Tef-PbTe  and  Sb2Te:rSnTe 
systems  were  investigated  with  expectation  that  the  dispersed  phases 
such  as  (Bi2Te3)2(PbTe),  (Sb2Te3)(SnTe)  and  (Sb2Te3)3(PbTe)2  could 
reduce  the  lattice  thermal  conductivity  without  any  significant  reducrio  i 
of  electrical  conductivity.  Thermoelectric  properties  as  a  function  of 
compcsition  and  rracrostructure  were  studied.  The  results  are  summarized 
■  as  follows ; 

1)  Seebeck  coefficients  show  little  variation  but  electrical  and  Ihennal 
conductivities  show  different  variatioas  in  each  alloy  system  as  the 
content  of  PbTe  or  SnTe  increases. 


Table  1.  Variations  of  thermoelectric  properties  of  SbjTes-PbTe  alloys  with  cooling  rates  from  melts 
and  heat  treatment  temperatures. 


a(/rVK  ') 

cr(.r?.  'em  ‘) 

/i:(Wm  ‘K  ') 

/.{  y  lO^K  ') 

furnace  cooled  from  melts 

37.9 

25.59 

7.05 

0.0.5 

water  quenched  from  melts 

34 

1396 

4.51 

0.36 

water  quenched 

from  melts  and 

heat-tteated 

3CX)"C  y  lOOhi 

36.8 

953 

4.53 

0.29 

400  "C  y  lOOhr 

17.2 

1653 

6.12 

0.1 

500  "C  /  lOOliT 

22.3 

1851 

6.04 

0.15 
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Table  2.  Variations  of  thermoelectric  properties  of  SbvTea-SnTe  alloys  with  heal  treatment  temperatures. 


a  (/rVK  ') 

C>(.Q,  'c^ii  ') 

K(Wni  'K  ') 

Z(X  10’‘K  ') 

water  quenched  from  melts 

31.4 

886 

2.27 

0.4 

water  quenched 

from  melts  and 

heat-treated 

300"C  X  lOOhr 

40.5 

1303 

3.36 

0.7 

400’CxlCI0hr 

34,9 

1737 

3.62 

0.6 

500  "C  X  lOOhr 

34.3 

1667 

5.24 

0.43 

2)  Microstructural  changes  resulting  from  different  cooling  rates  during 
solidification  w  by  subsequent  heat  treatments  have  significant  influeix^s 
on  the  electrical  and  thermal  conductivities.  The  dependence  of 
thennoelectric  properties  on  microstructurc  can  be  explained  in  tenns 
of  the  scattering  effects  of  di.spersed  phases  on  carriers  and  phonons. 
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PHOTO.  4.  Microstructural  changes  to  water  quenched  Sb2Te3-SnTa 
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Influence  of  electric  current  flow  during  crystallization  process  on  thermoelectric 

properties  of  materials 

Liaschenok  V.I.,  Strekopytova  N.I. 

St.  Petersburg  State  Academy  of  air-space  Instrument  Making,  190000,  Russia 


An  influence  of  electric  current  upon  process  of  oriented  crystallization 
of  solid  solutions  based  on  bismuth  telluride  was  studied. 


Electric  properties  of  grown  ingots  of  solid  solutions  based 
on  bismuth  telluride  can  be  influenced  by  various  factors,  such 
as  misorientation  of  crystal  grains  due  to  an  anisotropy  of 
physical  properties,  heterogeneity  of  solid  solution  composi¬ 
tion  or  dopant  distribution  and  some  circumstances  of  crys¬ 
tallization  process  which  can  affect  the  effective  distribution 
coefficients  of  components  and  dopant. 

Electric  properties  at  room  temperatures  of  grown  crys¬ 
tals  of  solid  solutions  Bi2Te2.4Seo,6,  Bio,52Sbi.43Te3,  and 
Bio.sSbo.sSeo.e  were  studied  as  a  function  of  crystallization 
conditions,  primarily  to  magnitude  and  direction  of  electric 
current  flowing  across  crystallization  area  as  well  as  to  tem¬ 
perature  gradient  caused  in  the  substance  by  heater,  and  to 
the  rate  of  molten  zone  movement. 

Changing  the  direction  of  electric  current  during  the  growth 
of  solid  solution  Bi2Te2. 4860.6  crystal  effects  the  Zeebeck  co¬ 
efficient  and  electric  conductivity.  It  is  established  that  the 
sufficient  brisk  change  of  Zeebeck  coefficient  Aa  =  I  ~  P”  I 
(q  +  ,  a~-Zeebeck  coefficients  of  those  parts  of  crystal,  which 
were  grown  when  electric  current  created  the  release  or  absorb- 
tion  of  the  Peliter  heat,  correspondingly,  provided  that  rate  of 
growth  and  current  density  are  the  same)  depends  on  the  kind 
of  dopant  introduced  into  solid  solution. 

The  highest  values  of  Zeebeck  coefficient  jump  Aa  was  ob¬ 
served  on  materials  doped  with  Hg2Cl2  and  CdBr2.  Fig.  1 
shows  typical  distribution  of  local  Zeebeck  coefficient  val¬ 
ues  along  the  ingot  of  solid  solution  Bi2(Te,Se)3  doped  with 
Hg2Cl2,  the  current  direction  beeng  reversed  during  the 
growth  process.  The  ingot  was  grown  with  a  rate  5  •  10"^  m/s, 
the  temperature  gradient  being  kept  on  the  level  1.45  -  lO^K/m 
and  current  density  1  •  10®A/m^. 


Figure  1:  Distribution  of  Zeebeck  coefficient  values  along  the 
ingot  of  solid  solution  Bi2(Te,Se)3  doped  with  Hg2Cl2 
a  -  region  corresponding  to  release  of  Peltier  heat 
b  -  absorbtion  of  Peltier  heat 


Similar  results  were  obtained  on  Bi2(Te,Se)3  solid  solution 
•doped  with  HgaCb  for  different  values  of  the  current  density, 
temperature  gradient,  and  growth  rate.  These  results  are  pre¬ 
sented  in  Fig. 2,  where  the  values  of  Zeebeck  coefficient  jump 
are  shown  versus  current  density  j  for  different  values  of  growth 
rate  and  temperature  gradient.  It  can  be  seen  that  Aa(j) 
functions  display  maxima;  if  temperature  gradient  remains 
constant,  their  magnitudes  increase  as  the  rate  of  growth  di¬ 
minishes, and  they  shift  towards  higher  current  densities.  The 
growth  rate  being  kept  constant,  the  Aa  value  decreases  when 
temperature  gradient,  rises. 
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Figure  2:  Distribution  of  Zeebeck  coefficient  jump  created  by 
inversion  of  electric  current  on  the  current  density. 

Material:  Hg2Cl2-doped  solid  solution  Bi2(Te,Se)3 
Temperature  gradients  G  and  growth  rates  v. 

Curve  1:  G  ==  7  ■  lO^K/m;  u  =  4.2  ■  10-®m/s 
Curve  2:  G  —  1  ■  10®K/m;  n  ~  1.4  ■  10“®m/s 
Curve  3:  G  =  1.45  •  10‘‘K/m;  u  =  4.2  •  IQ-^m/s 
Curve  4:  G  =  1.45  ■  lO'^K/m;  u  =  5  ■  IQ-'^m/s 

The  appearance  of  maxima  in  Aa(j)  functions  can  be  ex¬ 
plained  as  follows.  When  the  rate  of  growth  is  maintained 
at  the  level  4.2  •  IQ-^m/s,  temperature  gradient  7  ■  lO^K/m, 
and  no  current  is  flowing  (Fig. 2,  curve  1),  the  crystallization 
front  will  be  rough  because  temperature  gradient  to  growth 
rate  ratio  comprises  1.7  ■  10®K-s/m^,  that  is,  less  then  the 
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critical  value  1  •  lO'^K-s/m"  for  Bi2Te2. 4860.6  solid  solution 
[1].  If  electric  current  flows  so  directed,  that  the  Pettier  heat 
is  released,  front  roughness  increases,  and  otherwise  (Peltier 
heat  is  being  absorbed)  the  boundary  surface  smoothes  out. 
In  accord  with  the  degree  of  front  roughness  an  effective  dis¬ 
tribution  coefficient  of  dopant  will  change,  and  consequently 
so  will  the  electric  properties  of  material.  As  current  density 
grows,  the  Joul  heat  becomes  significant,  and  the  difference  of 
specific  conductivities  (6  ■  for  solid  Bi2Te2,4Seo.6 

and  3.5  ■  for  liquid  [2])  essentially  brings  the  tem¬ 

perature  gradient  down.  As  a  consequence,  beginning  from 
some  value  of  current  density  up  the  crystallization  front  will 
be  rough  in  no  dependence  on  current  direction.  In  this  case 
a  distribution  coefficient  will  not  change  on  current  reversal, 
and  Aa  will  drop.  It  seems  likely  that  for  crystallization  con¬ 
ditions  corresponding  to  curve  1  this  drop  occurs  at  current 
density  around  510®A/m^. 

Curve  2  is  built  for  samples  grown  under  the  same  tempera¬ 
ture  gradient  and  lesser  rate  of  growth,  namely  1.4  •  10~®m/s. 
The  position  of  maximum  is  shifted  towards  higher  current 
density.  Temperature  gradient  to  growth  rate  ratio  in  this  case 
equals  to  5  ■  10®K  s/m^,  that  is  closet  to  critical  ratio,  and 
therefore  the  Joule  heat  makes  the  smooth  boundary  rough 
at  higher  current  density.  Because  of  this,  as  Peltier  effect 
turns  more  substantial,  the  maximum  appears  at  higher  cur¬ 
rent  densities,  and  attains  higher  value.  Similar  considera¬ 
tions  one  can  apply  when  comparing  curves  3  and  4,  which 
correspond  to  temperature  gradient  1.45  •  10‘'K/m  and  ratios 
of  temperature  gradient  to  growth  rate  3,5  •  10®K  s/m^  and 
2.9  ■  lO^^'K-s/m^,  respectively.  Diminishing  of  Aa  with  a  rise 
of  temperature  gradient  when  current  density  holds  constant 
can  be  attributed  to  relative  decrease  of  Peltier  heat  contri¬ 
bution  into  total  heat  flux  at  crystallization  front  (curve  3). 
Moderated  diminishing  of  Aa  with  current  density  increase  on 
curve  1  as  well  as  smooth  rise  of  Aa  in  high  current  density 
region  (>  6-  lO^A/m^)  for  curve  3  can  be  obviously  attributed 
to  electromigration. 

These  investigations  show  that  crystals  with  preset  distribu¬ 
tion  of  current  carrier  density  along  the  ingot  can  be  obtained 
by  varying  the  direction  and  magnitude  of  electric  current 
flowing  across  the  crystallization  front.  This  assumption  was 
proved  experimentally  on  the  solid  solution  Bi2(Te,Se)3  doped 
with  Hg2Cl2  ,  ZnCl2  or  CdBr2  .  Micro-homogeneous  crys¬ 
tals  with  predetermined  distribution  of  current  carrier  density 
were  grown  through  a  gradual  change  of  current  value  and  its 
direction. 

Fig.  3,  curve  1  shows  the  distribution  of  Zeebeck  coef¬ 
ficient  values  along  the  sample  of  solid  solution  Bi2(Te,Se)3’ 
doped  with  Hg2Cl2-  The  ingot  was  grown  by  the  use  of  verti¬ 
cal  zone  melting  setup  with  temperature  gradient  7  ■  10®K/m 
and  growth  rate  4,2  ■  10-®m/s.  Electric  current  flowing 
across  crystallization  front  varied  in  value  and  direction  dur¬ 
ing  the  growth  process.  Variation  of  current  density  from 
-(-3  ■  10®A/m^  down  to  —6  ■  10~®A/m^  (plus  sign  corresponds 
to  Peltier  heat  absorbtion  and  vice  versa)  causes  a  smooth 
30mV/K  change  of  Zeebeck  coefficient  on  the  length  of  6  mm. 

Curve  2  shows  the  similar  distributions  of  Zeebeck  coeffi¬ 
cient  and  electric  conductivity  along  an  ingot  of  solid  solution 
doped  with  Hg2Cl2,  obtained  at  the  same  growth  rate  and 
higher  temperature  gradient,  1.45  ■  10''K/m,  when  the  current 
changed  in  sawtooth  manner.  In  conductivity  measurements 
the  potential  probes  were  separated  by  1  mm.  In  identical  con¬ 
ditions  an  ingot  of  Bi2(Te,Se)3  doped  with  Cd2Br2  was  grown. 
Zeebeck  coefficient  distribution  along  the  ingot  is  presented  by 
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Figure  3:  Distribution  of  Zeebeck  coefficient  (a)  and  conduc¬ 
tivity  (ft)  values  along  the  sample  of  Hg2Cl2-  (curves  1,2,4) 
or  CdCl2-doped  (curved)  solid  solution  Bi2(Te,Se)3  caused  by 
electric  current  flow  of  varying  magnitude  and  direction  across 
a  crystallization  front  (c). 

Temperature  gradients  G  and  growth  rates  v: 

CurveT  G  =  7  •  lO^K/m;  v  =  4.2  •  10-®m/s 
Curves2,3:  G  =  1.45  •  10'*K/m;  u  =  4.2  ■  lO^^m/s 
Curve  4;  G  =  7  ■  10®K/m;  u  =  1,4  ■  IQ-^m/s 

curve  3, 

Unsuccessful  was  an  attempt  to  obtain  crystals  with  vary¬ 
ing  composition  when  rates  of  growth  were  lower,  namely 
1.4  ■  10“®m/s.  Curve  4  shows  a  Zeebeck  coefficient  distribution 
along  the  Bi2(Te,Se)3  specimen  doped  with  Hg2Cl2  grown  with 
a  rate  of  1.4  ■  10“®m/s  and  temperature  gradient  7  •  10®K/m. 
Along  the  sample  length  13mm  the  change  of  Zeebeck  coeffi¬ 
cient  attains  approximately  10/jV/K.  Such  a  low  change  can 
be  attributed  to  composition  levelling  owing  to  solid  phase 
diffusion.  Because  of  low  growth  rate  the  material  resides  for 
a  long  time  at  high  temperature,  when  intensive  diffusion  can 
occur. This  influence  of  diffusion  can  be  presumably  diminished 
by  further  increase  of  temperature  gradient. 

It  is  known  [3],  that  solid  solution  Bi2(Te,Se)3  is  the  most 
effective  thermoelectric  material  for  temperature  range  200- 
600K.  Correlating  data  on  temperature  dependence  of  figure 
of  merit  Z=^^  for  different  carrier  densities  ([3],p.51)  and 
those  for  300K  ([l],p.243)  one  can  see  that  optimal  carrier 
densityoffering  maximum  thermoelectric  effectivity  in  the  in- 
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dicatedrange  corresponds  to  values  of  Zeebeck  coefficient  at 
room  temperature  within  the  range  220...110^V/K. 

Supposing  a  linear  distribution  of  temperature  along  a  ther¬ 
moelement  arm  it  is  possible  to  achieve  specimens  of  solid  so¬ 
lutions  Bi2(Te,Se)3  with  varying  composition  on  each  temper¬ 
ature  level.  Besides,  the  most  significant  changes  of  thermo¬ 
electric  properties  can  be  obtained  on  samples  made  out  of 
solid  solution  doped  with  Hg2Cl2  or  CdBr2  when  the  rate  of 
crystallization  and  temperature  gradient  ar  4.2  ■  10“®m/s  and 
1.45  ■  10'*K/m,  respectively  (Fig. 3,  curves  2,3). 

The  thermoelectric  efficiency  of  crystals  with  varied  compo¬ 
sition  manufactured  with  the  use  of  described  technique  will 
correspond  in  the  operating  temperature  range  to  an  envelope 
of  curves  presented  in  Fig. 4. 


Temperature,  K 

Figure  4:  Family  of  curves  representing  temperature  depen¬ 
dences  of  the  thermoelectric  figure  of  merit  Z  for  different  cur¬ 
rent  carrier  densities. 

An  averaged  thermoelectric  efficiency  value  Z  will  be  10. ..15 
per  cent  higher  then  the  efficiency  of  homogeneous  material. 

To  check  this  assumption  an  averaged  Zeebeck  coefficient 
and  electric  conductivity  were  measured  in  temperature  drop 
(310...525)K  on  a  composition-varying  specimen  of  Hg2Cl2- 
doped  Bi2(Te,Se)3  .  At  room  temperature  the  figures  varied 
smoothly  along  the  specimen  (8mm)  and  were  as  follows:  Zee¬ 
beck  coefficient  changed  between  —  185/rV/K  and  —  150/rV/K 
and  conductivity  between  6- 10‘*fl“^m“^  and  1.1  •  10®r2'"^m'”F 
Measurements  were  carried  out  with  two  different  positions 
of  sample  in  respect  to  temperature  drop.  First,  this  posi¬ 
tioning  corresponded  to  optimal  distribution  of  carrier  den¬ 
sity  values  i.e.  the  part  of  specimen  with  Zeebeck  coefficient 
a  =  — 185^V/K  was  situated  at  310K;  otherwise,  this  part  was 
situated  at  525K  while  at  temperature  310K  was  placed  the 
part  possessing  a  =  — 150/rV/K.  As  it  can  be  seen  from  Table 
1,  the  values  of  Zeebeck  coefficient  a  and  conductivity  tr  mea¬ 
sured  in  temperature  difference  (310...525)K  at  the  indicated 
positions  differ  in  such  a  manner  that  relative  divergence  of 
power  coefficient  comprises  18.5  per  cent. 

Now  we  can  make  some  suppositions  concerning  the  way 
heat  conductivity  of  varying-composition  specimen  diverges 
from  that  of  homogeneous  specimen.  Simplifying,  let  us  con¬ 
sider  the  heat  conductivity  of  crystal  lattice  k  independent  or 
current  carrier  density.  An  electron  component  of  heat  con¬ 
ductivity  is  determined  by  Wiedmann-Franz  law  : 


Table  1:  The  values  of  measured  thermoelectric  figures  for 
varying-composition  specimen  of  solid  solution  Bi2(Te,Se)3  in 
temperature  drop  (310...525)K. 


Current  car¬ 
rier  density 
distribution 

Ic^l, 

fzV/K 

a  ■  10-^ 
Q”'m~^ 

■  10“', 
W/K^m 

A(ar^<7) 

a'^a, 

percent 

Optimal 

185 

775 

26.5 

18.5 

Non-optimal 

174 

730 

22.0 

L-  Lorentz  number  . 

For  solid  solution  Bi2Te3  -  Bi2Se3  the  value  of  L  can  be 
estimated  according  to  the  method  described  in  ([l],pp  80- 
81,105). 

An  analysis  of  functions  a(C)  and  L(^'’)  (^''  -  reduced 
chemical  potential)  shows  that  Lorentz  number  is  almost  inde¬ 
pendent  on  the  degree  of  degeneracy  when  Zeebeck  coefficient 
measures  (150...190)/jV/K.  Thus,  the  electronic  component  of 
heat  conductivity  for  invariant  temperature  will  be  propor¬ 
tional  to  electric  conductivity. 

Let  us  compare  the  values  of  heat  conductivity  in  operating 
temperature  range  of  varying-composition  specimen  with  car¬ 
rier  density  varying  from  ni  up  to  712  with  that  of  specimen 
possessing  a  uniform  density  n  (ni  <  n  <  n2).  If  carrier  den¬ 
sity  is  distributed  along  varying-composition  specimen  in  the 
optimal  way,  an  effective  measured  value  of  heat  conductivity 
in  this  specimen  will  be  lower  than  in  an  uniform  specimen. The 
reason  is  that  in  the  first  specimen  the  low-temperature  part 
will  possess  thermal  conductivity  lowered  because  of  less  Ke 
value;  in  high  temperature  region  a  thermal  conductivity  will 
reduce  owing  to  diminished  contribution  of  bipolar  diffusion  ,as 
in  this  part  the  current  carrier  density  will  be  higher  ([3],p.51) 
then  in  the  second  specimen.  Conversely,  varying-composition 
specimen  turned  into  reverse  (’’unproper”)  position  will  dis¬ 
play  effective  heat  conductivity  higher  than  homogeneous  one. 

On  the  basis  of  these  considerations  one  can  safely  as¬ 
sume  that  relative  difference  of  thermoelectric  figures  of  merit 
for  varying-composition  specimen  in  ’’proper”  and  ”un- 
propef”  positions  will  attain  no  less  value  than  the  difference 
of  power  coefficients  a^cr  (Table  1),  which  equals  to  18  per 
cent.  It  means  that  in  temperature  range  (310...525)K  thermo¬ 
electric  figure  of  merit  for  the  varying-composition  specimen 
with  optimized  distribution  of  carrier  density  will  be  higher 
then  that  for  homogeneous  ingot  approximately  by  9  per  cent. 

Thus,  the  possibility  is  demonstrated  to  manufacture  crys¬ 
tals  of  solid  solutions  Bi2(Te,Se)3  with  optimized  distribution 
of  a  current  carrier  density  along  the  ingot  by  means  of  pro¬ 
grammed  variation  of  magnitude  and  direction  of  current  flow¬ 
ing  across  the  crystallization  front  during  the  process  of  crystal 
growth. 
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Thermoelectric  figure  of  merit  of  horisontal  zone-leveling  prepared 
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Homogeneous  single  crystals  of  Bi-Sb  alloys  undoped  and  doped  by  Te  and  Sn  were  prepared  by  horisontal  zone-leveling 
technique.  High  refined  bismuth  and  antimony  were  used.  The  investigations  of  temperature  dependences  of  Hall  and  Seebeck 
coefficients,  electrical  resistivity  and  heat  conductivity  were  carried  out  on  the  prepared  crystals.  The  thermoelectric  figure  of 
merit  of  Bi-Sb  single  crystals  has  been  determined  on  the  base  of  this  experimental  data.  It  was  found,  that  when  the  refining 
degree  of  initial  bismuth  and  homogeneity  of  the  single  crystals  decreased,  maximum  of  the  thermoelectric  figure  of  merit  is 
shifted  to  alloys  with  antimony  contents  of  7-8  at.%  in  the  temperature  range  80  -  280  K.  However,  at  T  >  120A  the  increase 
of  the  refining  degree  of  source  materials  and  the  crystals  homogeneity  practically  does  not  influence  on  their  therrhoelectric 
properties.  Results  received  are  compared  with  those  given  in  literature  for  the  homogeneous  and  dendritic  crystals  of  Bi-Sb 
alloys. 


Introduction 

Bi-Sb  crystals  have  a  record  value  of  thermoelectric  figure  of 
merit 


p  ■  K 


in  the  low  temperatures  region  T  <  180 A'  reaching  in  maxi¬ 
mum  the  value  .Z  =  5  -  6  ■  10“®A'“^  [1,2].  A  practical  interest 
to  these  materials  increases  in  connection  with  a  thermoelec¬ 
tric  application  of  high-temperature  superconductors  [3]. 

The  improvement  of  growing  technique  of  Bii_xSbx  sin¬ 
gle  crystals  [4-6]  indicated  that  application  of  the  low  growth 
speed  V  <  O.hmm/h  and  the  small  temperatures  gradient  on 
crystallization  front  G  <  20K/cm  is  required  for  preparation 
of  the  homogeneous  crystals  by  zone  recrystallization  method. 

First  systematic  investigations  of  thermoelectric  figure  of 
merit  of  Bii_xShx  single  crystals  [2]  indicated  that  as  distinct 
from  the  results  [1]  in  the  region  of  nitrogen  temperatures  it 
was  observed  an  unmonotonous  dependence  of  Z(x)  with  two 
maxima  at  x  =  0.07-0.09  and  about  x  =  0.15,  gradually  tran¬ 
sient  to  one  at  X  ==  0.07-0.12  with  the  temperature  increase. 
Such  Z  (x,T)  dependence  is  caused  by  peculiarities  of  the  band 
structure  alteration  and  intervalley  (interband)  charge  carriers 
scattering  by  phonons  [7].  Investigation  of  the  thermoelectric 
parameters  of  Bii_xSbx  crystals  grown  at  various  speeds  of- 
a  zone  pass  from  0.5  up  to  20  mm/h  [8]  indicated  that  exis¬ 
tence  of  the  dendritic  inhomogeneity  in  grown  at  large  speeds 
Bii-xSbx  crystals  results  in  a  reduction  of  Z  value  in  the  tem¬ 
peratures  region  T  >  150 A'.  The  most  interesting  results  [8] 
has  been  received  in  area  of  semiconductor  state  on  x(T)  dia¬ 
gram  of  Bii_xSbx  crystals  [9],  where  a  dendritic  liquation  low¬ 
ers  appreciably  the  specific  resistance  so  that  the  thermoelec¬ 
tric  figure  of  merit  of  inhomogeneous  crystals  appears  higher 
than  that  of  homogeneous  ones  [9]. 

However,  Z  data  in  the  article  [10]  devoted  to  the  inves¬ 
tigation  of  Bii_xSbx  crystals  grown  by  zone  recrystallization 
method  are  different  substantially  from  the  results  [1,2,7].  Be¬ 
sides  the  influence  of  the  growth  conditions  on  thermoelec¬ 
tric  properties  of  Bio.gzSbo.oa  crystals  at  17  <  O.hmm/h  and 
G  <  AOK/cm  is  not  found  out  in  this  article. 


The  further  investigations,  directed  to  the  more  detailed 
study  of  thermoelectric  figure  of  merit  at  the  increase  of  accu¬ 
racy  of  optimum  composition  determination  [11-15],  influence 
of  a  purity  of  source  materials  [16]  and  doping  [17-18]  on  the 
thermoelectric  figure  of  merit  value,  application  of  Czochral- 
sky  method  [10-17],  did  not  shed  light  to  the  understanding 
of  the  nature  of  observable  distinctions  Z  but  also  caused  to  a 
greater  spread  of  Z  values. 

The  purpose  of  given  article  is  to  investigate  the  physical  na¬ 
ture  of  observable  distinctions  of  thermoelectric  figure  of  merit 
of  Bii_xSbx  crystals  grown  by  zone  recrystallization  method 
including  the  influence  of  growth  conditions  and  the  inhomo¬ 
geneity  on  thermoelectric  properties  of  these  crystals  as  well  as 
to  make  a  comparative  analysis  of  results  of  the  thermoelectric 
parameters  investigation. 

Experimental  procedure 

To  receive  the  most  reliable  results  of  the  thermoelectric  pa¬ 
rameters  investigation  and  their  comparison  with  other  data 
the  problem  of  the  growing  of  Bii_xSbx  single  crystals  using 
the  most  pure  initial  components  has  been  realized.  Initial 
antimony  contained  of  residual  impurities  less  than  0.0005.%. 
As  the  initial  bismuth  with  99.999%  clearance  had  the  resid¬ 
ual  impurities  content  a  ten  times  as  great  as  that  of  anti¬ 
mony,  it  has  been  subjected  to  an  additional  clearing  by  vac¬ 
uum  distillation  with  following  zone  clearing  [18].  Such  clear¬ 
ing  according  to  data  of  spectral  analysis  ensures  the  recep¬ 
tion  of  bismuth  with  99.9999%  clearance  [19].  Bii_xSbx  sin¬ 
gle  crystals  hais  been  grown  by  zone  recrystallization  method 
{V  <  O.bmm/h,  G  <  20K/cm)  [4-6,21-22].  In  order  to  clear 
up  the  influence  of  growth  conditions  and  connected  with  them 
crystals  inhomogeneity  [10-17]  to  their  thermoelectric  prop¬ 
erties.  The  Bio,88Sbo,i2  crystal  having  a  clear-cut  dendritic 
structure,  was  also  grown  at  a  speed  of  10  mm/h. 

Cut  the  rectangular  parallelepiped  samples  for  measure¬ 
ments  with  average  dimensions  of  2.5  *  2.5  *  12mm^  and  ribs, 
parallel  to  crystallographic  axes  was  cat  from  the  middle  part 
of  the  grown  single  crystal  by  spark  erosion  method.  Longitu¬ 
dinal  samples  axis  were  oriented  parallell  or  perpendicularly  to 
trigonal  axis  C3.  To  remove  a  layer  destroyed  by  spark  erosion 
technique  and  to  reject  samples  with  units  of  other  orientation. 
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samples  were  etched  in  50%  HNO3  +  50%  C2H5OH. 

An  availability  of  a  dendritic  structure  and  au  inhomogene¬ 
ity  in  components  distribution  was  determined  by  etching  in 
1%  HCl  -I-  99%  H2O  and  as  well  as  by  X-ray  diffraction  analysis 
[8].  Antimony  contents  in  Bii_xSbx  single  crystal  samples  was 
determined  by  X-ray  method  on  X-ray  difractometer  DRON- 
0.5  according  to  the  change  of  crystal  lattice  parameters  and 
by  X-ray  microprobe  analysis  on  COMEBAX  analyzer.  The 
determination  accuracy  of  antimony  content  in  samples  was 
±0.5a<,%  for  both  methods. 

The  quantitative  evaluation  of  inhomogeneity  degree  of  crys¬ 
tal  Bio.88Sbo.12,  grown  with  speed  of  10  mm/h,  was  made  by 
the  microhardness  measurement  with  a  load  of  20  g.  The  anti¬ 
mony  distribution  in  dendritic  crystals  was  found  according  to 
single  crystal  microhardness  dependence  from  antimony  con¬ 
tents.  As  a  dendritic  inhomogeneity  degree  we  considered  the 
difference  of  values  of  antimony  concentration  determined  by 
such  a  way  in  the  dendritic  and  interdendritic  space. 

For  revealing  of  structural  inhomogeneity  the  volumes,  occu¬ 
pied  by  dendritic  and  interdendritic  areas  has  been  determined 
by  method  of  linear  analysis  in  the  assumption  of  uniform  in¬ 
homogeneity  distribution  in  the  crystal  volume  (  Tab.l). 

Table  1:  Antimony  distribution  in  the  inhomogeneous 
Bio.88Sbo.12  crystal 


Type  of 
inhomogeneity 

Averaged 

microhardness 

Antimony 

Concentration 

Occupied 

volume 

Dendrites 
(  centre  ) 

4.35- 

14.3at.% 

80% 

Interdendritic 

interlayer 

3.49- 

8.8af.% 

20% 

Experimental  results 

The  thermoelectric  figure  of  merit  value  is  calculated  according 
to  formula 


with  the  use  of  experimental  results  of  to  Seebeck  coeffi¬ 
cient  measurements,  heat  conductivity  and  specific  resistivity 

(  Fig  l  )• 

Figure  of  merit  of  the  investigated  single  crystals  grows  with 
a  decrease  of  temperature,  and  does  not  reaches  maximum  in 
the  temperature  interval  80-300  K  with  the  exception  of  crys¬ 
tal  X  =  0.15.  It  should  be  noted,  that  in  the  region  160  -  200 
K  the  thermoelectric  figure  of  merit  values  Zaa  of  the  crystals 
with  X  =  0.05,  0.12,  0.15  coincide  practically  among  them¬ 
selves.  At  the  same  time  thermoelectric  figure  of  merit  Z33  of 
the  crystal  x  =  0.07  is  higher  Z33  values  of  other  investigated 
crystals  in  the  temperatures  interval  80-300  K,  So,  maximum 
of  thermoelectric  figure  of  merit  in  temperature  interval  of  80- 
180  K  for  the  homogeneous  uniform  Bii_xSbx  crystals  grown 
from  refined  bismuth  corresponds  to  x  =  0.07  -  0.08. 

The  experimental  results  of  thermoelectric  properties  in¬ 
vestigation  of  the  dendritic  Bio.ssSbo.n  crystal  in  comparison 
with  the  results,  received  on  homogeneous  single  crystals  are 
presented  in  Figs. 2-3. 

Fig.  2  shows,  that  Seebeck  coefficient  of  Bio.88Sbo.12  crys¬ 
tals  does  not  practically  depend  on  the  crystal  inhomogeneity 
degree  and  a  distinguish  of  heat  conductivity  of  homogeneous 


Fig.l.  Temperature  dependence  of  figure  of 
merit  of  homogeneous  Bij_^Sb^  crystals. 
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Fig. 2,  Temperature  dependence  of  Seebeck 
coefficient  and  thermal  conductivity 


Fig. 3.  Electrical  resistivity  as  a  function 
of  temperature  tor  homogeneous  and 
unhomogeneous  Big  ggSbg  jg  crystals. 
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and  dendritic  crystals  does  nod  exceed  the  experimental  error. 
The  most  distinctions  are  observed  in  the  temperature  depen¬ 
dence  of  specific  resistance  of  homogeneous  and  dendritic  crys¬ 
tals  (Fig. 3).  At  r  <  200A'  the  specific  resistivity  of  dendritic 
crystal  is  substantial  less,  than  one  of  homogeneous  crystal  but 
at  T  >  200A'  they  practically  coincide.  Besides,  for  the  den¬ 
dritic  crystal  the  temperature  corresponding  to  the  minirrium 
of  specific  resistivity,  decreases  up  to  145  K  m  comparison 
with  200  K  for  the  homogeneous  crystal.  So,  the  greatest  dis¬ 
tinction  of  specific  resistance  of  homogeneous  and  dendritic 
crystals.  Fig. 3,  is  observed  in  the  area  of  semiconductor  state 
of  homogeneous  crystals. 

Such  temperature  dependence  of  the  thermoelectric  prop¬ 
erties  results  in  that  in  the  area  of  semimetallic  state  the 
most  homogeneous  crystals  have  the  greatest  thermoelectric 
efficiency,  while  in  area  of  semiconducting  state  thermoelec¬ 
tric  figure  of  merit  of  dendritic  crystals  appears  higher  than  in 
homogeneous  crystals. 

Results  discussion 

The  temperature  dependences  of  specific  resistance  ps3  of  ho¬ 
mogeneous  Bip  gsSbo.n  crystal  grown  with  use  of  addition  ally 
refined  bismuth  and  of  dendritic  crystal  with  the  identical  av¬ 
erage  composition  in  comparison  with  data  of  other  authors 
[10,22]  are  presented  in  Fig. 4. 

As  can  be  seen  in  Fig. 4,  the  specific  resistance  values  of  ho¬ 
mogeneous  and  dendritic  crystals  at  temperatures  T  >  200A' 
are  close  among  themselves  and  are  not  differ  from  the  results 
received  by  other  authors.  This  conclusion  can  be  made  also 
with  relation  to  thermoelectric  figure  of  merit  Z33  (  Fig. 5). 
Nevertheless,  the  greatest  Z33  value  corresponds  to  the  most 
homogeneous  crystal.  It  should  be  expected  because  of  when 
temperature  gradient  occurs  the  inhomogeneity  results  in  the 
appearance  of  the  circular  thermoelectric  currents  and  in  a 
energy  transformation  coefficient. 

A  different  situation  is  observed  in  the  area  of  semiconduct¬ 
ing  state  of  Bii_xSbx  crystals  ,  at  T  >  200A'  for  x  =  0.12. 
Specific  resistivity  of  the  homogeneous  Bii_xSbx  single  crys¬ 
tals  grown  from  additional  refined  bismuth  proved  to  above  in 
the  all  given  in  Fig. 5  data.  Results  [23]  in  this  temperatures 
area  approximate  to  the  specific  resistivity  values  of  dendritic 
crystals  and  data  [10]  proved  to  be  even  below.  But,  the  lower 
the  specific  resistivity  is  the  greater  value  has  thermoelectric 
figure  of  merit  Z  (Fig. 5). 

In  [9]  the  area  of  a  semiconductor  state  of  Bii_xSbx  crys¬ 
tals  in  coordinates  x(T),  has  determined  from  the  temperature 
dependence  of  specific  resistivity  and  in  particular  from  a  po¬ 
sition  of  a  minimum  in  dependence  p{T)  (Fig. 6). 

As  can  be  seen  in  Fig. 6,  temperature  interval  of  semicon¬ 
ducting  state  increases  for  homogeneous  crystals  grown  from 
the  additionally  refined  bismuth  and  decreases  in  case  of  den¬ 
dritic  crystals  (Fig. 6). 

The  well  expressed  distinctions  in  the  temperature  depen¬ 
dence  of  specific  resistivity  at  liquid  nitrogen  temperatures  for 
our  homogeneous  single  crystals  Bii_xSbx  with  x  =  0.12  and 
X  =  0.15  and  exhibited  in  other  papers  permit  to  use  this  pa¬ 
rameter  for  determination  of  the  growth  conditions  influence 
on  the  grown  single  crystals  homogeneity. 

Comparative  analysis  of  the  crystal  growth  conditions  and 
the  specific  resistance  values  indicates,  that  at  a  high  gradient 
at  the  crystallization  front  (G  >  20K/cm)  a  reduction  of  the 
growth  speed  less  than  0.5  mm/h  practically  does  not  affect 
on  the  crystals  quality  and  does  not  permit  to  receive  homo¬ 
geneous  antimony  distribution  in  Bii_xSbx  crystals.  However, 


Fig. 4.  Temperature  dependence  of  electrical 
resistivity  for  Bi^  ggSb^  jg  crystals. 


2.00 


g 

d«- 

c; 

CO 

I 

O 

CO 

Cl. 


,50 


1,25 


V  -Homogeneous 

’ - Unhomogeneous 

□  -  [10] 

V  -  [23] 


1  .00 


50  100  150  200  250  300 

T,K 


Fig. 5.  Temperature  dependence  of  figure 
of  merit  for  Bi^  ggSbg  crystals. 
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Fig. 6.  Semiconductor  state  diagram 
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the  increase  of  thermoelectric  figure  of  merit  of  inhomoge¬ 
neous  crystals  can  be  observed  in  comparison  with  homoge¬ 
neous  crystals  in  that  case,  when  dendrites  are  in  semiconduc¬ 
tor  state  and  interdendritic  layers  are  in  semimetallic  state. 
This  conclusion  agrees  well  with  results  of  theoretical  investi¬ 
gations  [24]. 

Conclusions 

As  a  result  of  experimental  investigations  of  a  correlation  be¬ 
tween  Bii_xSbx  crystals  growth  conditions,  their  homogeneity 
degree  and  thermoelectric  properties  it  was  established;  that 
the  increase  of  initial  components  purity  degree  and  homo¬ 
geneity  degree  of  Bii_xSbx  crystal  results  in  expansion  of  a 
temperature  area  of  semiconducting  state. 

The  thermoelectric  figure  of  merit  of  homogeneous  single 
crystals  Bii_xSbx  in  temperatures  region  77-300  K  has  the 
greatest  value  x  =  0.07-0.08. 

In  the  semimetallic  state  area  the  homogeneous  single  crys¬ 
tals  Bii_xSbx  have  the  greatest  values  of  figure  of  merit. 

The  thermoelectric  figure  of  merit  of  dendritic  crystals  In 
the  semiconducting  state  area  surpasses  the  figure  of  merit  of 
homogeneous  Bii_xSbx  crystals  because  of  its  low  values  of 
the  specific  resistivity. 

Therefore,  the  dendritic  Bii_xSbx  crystals  are  proved  to  be 
preferable  for  the  more  practically  important  low-temperature 
applications  at  T  <  200 A'.  The  absolute  maximum  position 
Z(x)  is  shifted  to  the  values  x  =  0.15-0.17. 

A  distinction  of  thermoelectric  figure  of  merit  data  of 
Bii_xSbx  crystals  with  identical  composition  is  observed  in 
the  literature.  It  is  mainly  caused  by  the  distinction  of  grow¬ 
ing  conditions  used. 
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SERVICE  PROPERTIES  OF  DOPED  Bi-Sb  SINGLE  CRYSTALS 
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Conditions  of  obtaining  the  optimum  thermoelectric  properties  of 
Bi-Sb  alloys  and  factors  determining  variation  of  these  properties 
in  doping  with  Te  and  Sn  were  considered.  Possibility  of  producing 
of  Bi-Sb  single  crystals  with  the  optimum  combination  of  thermoele¬ 
ctric  , magnetothermoelectric  ,  thermomagnetic  and  strength  properties 
in  doping  was  investigated. 


Introduction 

The  most  promising  application  of  Bi- 
Sb  single  crystals  is  to  use  them  in 
low  temperature  stages  of  solid-state 
coolers,  having  important  for  practi¬ 
ce  working  temperature  range  77-200K. 
[^1].  Service  properties  of  cooling  el¬ 
ements  produced  from  these  materials 
are  determined  by  the  values  of  ther¬ 
moelectric  (TE) , magnetothermoelectric 
(MTE),  thermomagnetic  (TM)  figure  of 
merit  and  the  strength  properties  of 
single  crystals. 

The  well-known  method  of  varying  of 
TE,MTE,TM  properties  of  Bi-Sb  single 
crystals  is  to  dope  them  with  Te  (do¬ 
nor)  and  Sn  (acceptor).  But  effect  of 
Te  and  Sn  on  these  properties  of  sin¬ 
gle  crystals  of  the  most  efficient 
alloy  compositions  does  not  studied 
carefully.  Effect  of  Te  and  Sn  on 
strength  properties  of  these  materi¬ 
als  does  not  studied  too. 

In  this  work  we  investigated  the  pos¬ 
sibility  of  producing  of  Bi-Sb  sing¬ 
le  crystals  having  the  optimum  combi¬ 
nation  of  TE,MTE,TM  and  strength  pro¬ 
perties  in  doping  with  Te  and  Sn.  For 
this  purpose:  1.-  Analysis  of  the  co¬ 
nditions  of  obtaining  the  optimum  TE 
properties  of  these  materials  and  fa¬ 
ctors  determining  their  change  in  do¬ 
ping  was  carried  out.  2. -Effect  of  Te 
and  Sn  on  TE,MTE  properties  of  single 
crystals  of  Bi  with  9  at.%  Sb  and  on 
TM  properties  of  single  crystals  of 
Bi  with  2  at.%  Sb  was  studied.  3.- 
Strength  properties  of  doped  Bi-Sb 
single  crystals  with  higher  TE,  MTE 
and  TM  figure  of  merit  in  comparison 
to  strength  properties  of  undoped 
crystals  with  the  same  content  of  Sb 
were  investigated. 

Experimental  methods 

The  following  marks  of  initial  mater¬ 


ials  were  used  in  producing  of  cryst¬ 
als.  Bi:Bi-0000  (99.9999%),  Sb:  OSCh- 
-18-4  (99.9999%) ,Te: TV-4,  Sn:VCh. 
Single  crystals  were  grown  by  Caochr- 
alski  method  with  feeding  the  melt  by 
solid  antimony  [2].  The  charge  for 
pulling  was  calculated  taking  into 
account  distribution  coefficients  of 
Sb,Te,Sn  in  Bi-Sb,  Bi-Sb-Te,  Bi-Sb-Sn 
alloy  systems  determined  in  Ref.C3,4] 
with  the  use  of  radioactive  isotopes 
Sb-124,Te-125m, Sn-113.  These  coeffic¬ 
ients  allows  to  determine  content  of 
doping  elements  in  crystals.  Sb  cont¬ 
ent  in  crystals  was  inspected  by  x- 
ray  fluorescence  method  with  an  accu¬ 
racy  of  0.1  at.%. 

Specimens  were  cut  from  crystals  by 
the  electrospark  method  with  edge  pa¬ 
rallel  to  bisectrix  (Cl),  binary  (C2) 
and  trigonal  (C3)  axes  of  the  crystal. 
Corresponding  dimensions  of  specimens 
intended  for  examining  of  TE,MTE,TM 
properties  and  for  mechanical  tests 
were  respectively  3x4x( 15-20 )mm  and 
5x2x( 15-20 )mm.  For  removing  the  surf¬ 
ace  layer  disrupted  in  cutting  speci¬ 
mens  were  etched  in  nitric  acid  and 
the  specimens  for  mechanical  tests 
were  also  polishing.  Their  cross- 
section  after  polishing  was  (4.0-4. 6) 
x( 1 . 2-1 . 6 )  mm. 

TE  and  MTE  figure  of  merit  Z(33)  were 
examined  with  the  use  of  separate  me¬ 
asurements  of  resistivity  (p), thermal 
emf  (CL)  and  thermal  conductivity  (36). 
TM  figure  of  merit  Z(31)  was  measured 
by  the  Harman  method  -  Random  er¬ 
rors  of  measurements  of  p  at  DC,  p  at 
AC,  CX  and  36  did  not  exceed  3,4,1  and 
4%,  respectively.  We  measured  p  and  36 
on  one  and  the  same  specimen  and  the 
errors  of  their  determination  formed 
in  measuring  of  it  length  and  cross- 
section  were  mutually  eliminated  when 
Z(33)  was  calculated.  That  is  why  the 
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I'andom  error  of  determining  of  Z(33) 
in  this  work  was  not  higher  than  5%. 
Random  error  of  determining  of  Z(31) 
was  no  more  than  7%. 

The  data  on  the  concentration  and  mo¬ 
bility  of  the  electrons  in  the  exami¬ 
ned  crystals  were  obtained  in  The 
Institute  of  Semiconductor  Physics  of 
the  Lithuanian  Academy  of  Sciences  by 
R.Pozhera  with  the  use  of  magnetopla¬ 
sma  method  ^6], 

Strength  properties  of  crystals  were 
investigated  at  293K  with  the  use  of 
the  three-point  bending  test  method. 

Results  and  discussion 

Conditions  of  obtaining  the  optimum 
thermoelectric  properties  of  Bi-Sb 
alloys _ _ _ _ 


According  to  principles  of  optimizing 
of  TE  properties , maximum  of  TE  figure 
of  merit  (Z)  is  obtained  in  material 
at  same  optimum, for  this  material, el¬ 
ectron  concentration  N  =  N(opt).  Dev¬ 
iation  of  N  from  N(opt)  with  tempera¬ 
ture  reduces  Z.  At  temperatures,  at 
which  N  is  not  optimum, Z  can  increase 
by  donor  or  acceptor  doping  if  N  is 
displaced  to  N(opt)  • 

Temperature  dependence  of  concentrat¬ 
ion  of  L-electrons  N,  L-holes  P(L),T- 
holes  P(T)  we  calculated  as  an  examp¬ 
le  for  alloy  of  Bi  with  9at.%  Sb  with 
use  the  data  on  its  band  structure  at 
4. 2K [8] , Fig. 1 .  We  used  effective  mass 
of  T-holes  in  Bi , undepended  of  Sb  co¬ 
ntent  and  temperature  according  to 
implication  of  established 
dependence  of  effective  masses  (m)  of 
electrons  and  L-holes  on  energy  (8) 
from  the  data  in  [S'].  In  calculation 
of  N  or  P(L)  we  "divided"  correspond¬ 
ing  energy  band  into  narrow  intervals 
in  which  individually  energy  depend¬ 
ence  of  m  can  be  ignored.lt  permit  to 
determine  n(i)  or  p(i)  in  each  i-th 
interval  as  for  band  with  m  undepend¬ 
ed  on  8. Summation  of  all  n(i)  or  p(i) 
gives  required  concentration  of  carr¬ 
iers  in  the  band.  An  example: 


Band  structure  of  Bi+9at.%Sb  alloy  at 
4.2K  8 


Temperature  dependencies  of  reduced 
Fermi  energy  (a)  and  carrier  concent¬ 
rations  (b)  in  Bi+9at.%Sb  alloy: 

( 1 )-electrons; ( 2 )-T-holes; ( 3)-L-holes 


N 


3  OO 


■  2kT 

2  r 

'  ‘ 

,  2  o 

\ 

m 

h 

J 

o 

dE _ 

^(8-Tl)- 


o 


m  is  the  mass  of  free  electron,  m,- 
o  d 

effective  mass  of  the  density  of  sta¬ 


tes  of  electrons,  8  =  E/(kT)-  reduced 
energy,  T]-reduced  Fermi  energy. 

With  use  the  dependencies  of  N,  P(L), 
P(T)  on  8, calculated  at  fixed  temper¬ 
atures,  we  obtained  the  values  of  T],N, 
P(L),  P(T.)  from  equation  of  electro- 
neutrality:N  =  P(L)+P(T).  The  results 

of  calculation  are  shown  in  Fig. 2. 
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Influence  of  doping  on  TE,  MTE  and  TM 
figure  of  merit  of  Bi-Sb  single  crys¬ 
tals 


The  effect  of  Te  and  Sn  on  the  dimen¬ 
sionless  thermoelectric,  magnetother¬ 
moelectric  figure  of  merit  (TE  f.m., 
MTE  f.m. )  of  Bi-Sb  single  crystals, 
containing  9  at.%  Sb,and  thermomagne- 
tic  figure  of  merit  (TM  f.m. )  of  Bi- 
-Sb  single  crystals , containing  2  at.% 
Sb,  is  shown  in  Fig. 4. 

The  doping  of  up  to  2x10 (-4)  at.%  Te 
and  to  1x10 (-3)  at.%  Sn  have  no  mark¬ 
ed  effect  on  TE  f.m.  of  Bi  with  9  at. 
%  Sb  single  crystals  at  temperatures 
above  200K.  At  lower  temperatures  Te 
reduces  TE  f.m. and  Sn  in  an  amount  of 
up  to  1.5x10 (-4)  at.%  appears  to  sta¬ 
bilize  it  on  the  level  corresponding 
to  the  undoped  alloy.  The  temperature 
range  of  stabilization  of  TE  f.m.  na¬ 
rrows  with  Sn  content  increasing.  The 
change  of  TE  f.m.  of  doped  alloys  at 
temperatures  lower  120K  makes  it  pos¬ 
sible  to  assume  that  with  further  te¬ 
mperature  decrease  Te-doped  alloys 
have  TE  f.m.  higher  than  that  of  Sn- 
doped  alloys.  It  should  be  mentioned 
that  results  obtained  for  TE  f.m.  are 
gualitatively  explained  by  the  varia¬ 
tion  of  concentration  and  mobility  of 
electrons  in  doping  discussed  above. 
Doping  with  Sn  of  the  alloy  may  by 
useful  at  temperatures  higher  120K 
for  expanding  the  possibilities  of 
selecting  material  having  the  optimum 
combination  of  p,a  and  38  for  matching 
the  branches  of  thermocouples. 

MTE  f.m.  was  investigated  in  magnetic 
fields  up  to  1.15T.In  Fig. 4  are  shown 
the  maximum  values  of  it  obtained  in 
this  range  of  magnetic  fields.  As  is 
seen, the  effect  of  Sn  on  MTE  f.m.  re¬ 
tains  basically  the  same  form  as  in 
the  absence  of  the  magnetic  field. 

The  effect  of  Te  on  MTE  f.m.  differs 
from  that  on  TE  f .m. :  doping  of  1x10 
(-4)  at.%  Te  increase  MTE  f.m.  of  the 
alloy  by  10-15%.  Addition  of  2xl0(-4) 
at.%Te  decrease  MTE  f.m.  to  the  init¬ 
ial  level  of  undoped  alloy,  therefore 
the  doping  the  alloy  with  2x10 (-4) at. 
%  Te  and  greater  to  MTE  f.m.  increase 
is  not  efficient. 

The  data  presented  for  TM  f.m.  were 
measured  at  the  magnetic  field  1.2T. 
Te  reduces  TM  f.m.  of  Bi-Sb  single 
crystals , containing  2at . %Sb . Contrast¬ 
ingly,  it  was  found  that  TM  f.m.  of 
crystals  doping  with  1x10 (-4)  at.%  Sn 
inclusive  are  close  to  that  of  undop- 


80  200  T,K 

Fig. 4 

Thermoelectric  ( 1-5 ) .magnetothermoel¬ 
ectric  (6-10)  figure  of  merit  of  sin¬ 
gle  crystals  of  Bi+9at.%Sb  alloys  and 
thermomagnetic  figure  of  merit  of  si¬ 
ngle  crystals  of  Bi  +  2at.%  Sb  alloys 
( 11-13) .Undoped  alloys-1 , 6 , 11 .  Alloys 
doped  with  Sn:  5x10 (-5) at.%  -  2,7,12; 

lxl0(-4)at.%  -  3,8; 
1x10 (-3) at.%  -  4,9; 
doped  with  Te :  5x10 (-5) at.%  -  13; 

lxl0(-4)at.%  -  5,10. 
For  MTE  f.m. are  presented  the  maximum 
values  measured  in  the  range  of  magn¬ 
etic  fields  0-1. 15T. 

For  TM  f.m. are  presented  the  values 
measured  the  magnetic  field  1.2T. 
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Maximum  values  of  Z  of  undoped  alloy 
of  Bi  with  9  at.%  Sb  is  obtained  in 
the  range  80  -  lOOK  [lO] .  Taking  into 
account  the  known  yield  coefficients 
of  Te  and  Sn  in  Bi-Sb  alloys  , va¬ 
lues  of  N  calculated  at  80K  and  lOOK 
were  used  to  determine  the  Te  and  Sn 
concentration  at  which  Z  may  be  incr¬ 
eased  at  temperatures  lower  than  80K 
and  higher  than  lOOK,  respectively. 
It  was  established,  that  the  conditi¬ 
on  of  obtaining  N(opt)  of  this  alloy 
cannot  be  fulfilled  in  doping  with 
more  than  3x10 (-4) at.%  Te  or  with  mo¬ 
re  than  1x10 (-3)  at.%  Sn. 

So  far  as  discussed  above  approach  of 
optimization  Z  takes  no  account  of  Te 
and  Sn  influence  on  kinetic  properti¬ 
es  of  carriers,  we  also  examined  the 
variation  of  effective  mass  and  mobi¬ 
lity  of  electrons  in  Bi-Sb  alloys  in 
doping. 

Influence  of  doping  on  kinetic  prope¬ 
rties  of  electrons  in  Bi-Sb  alloys 


The  dependence  indicates  that  it  is 
possible  to  change  greatly  the  m  and 
mobility  (fl)  of  electrons  (because  JA 
is  proportional  to  1/m)  in  doping  of 
the  alloy  with  Te  or  Sn. 

In  doping  the  alloy  the  change  of  m 
and  of  L- holes  occurs  too,  but  in 
qualitative  examination  it  may  by  di¬ 
sregarded  since  P{L)  is  low  in  compa¬ 
rison  with  P(T)  and  N  (Fig. 2b). 

The  results  of  measurements  of  p,  in 
C3  direction  are  shown  in  the  Table: 

Table 


Mobility  of  electrons  ([l,m.m/(B.  c  )  ) 
in  C3  direction  in  Bi-Sb  single  crys¬ 
tals,  containing  9  at.%  Sb,  at  77K 


Undoped 

alloy 

Doping  (at.%) 

Te, lxl0(-4) 

Sn,lxl0(-4) 

83.0 

55.3 

75.8 

Using  the  data  presented  in  Fig. 2  in 
combination  with  the  data  about  the 
anisotropy  of  the  Fermi  surface  of 
the  alloy  [^8j ,  we  calculated  the  dep¬ 
endence  of  mean  value  of  effective 
mass  (m)  of  electrons  in  C3  directi¬ 
on,  corresponding  to  the  maximum  of  Z 
in  these  materials,  upon  N  (Fig. 3). 


Fig .  3 

Dependence  of  the  effective  mass  of 
electrons  in  C3  direction  upon  their 
concentration  in  the  conduction  band 
for  Bi  +  9  at.%  Sb  alloy 


As  is  seen,  at  the  same  content  of  Te 
and  Sn,  |1  in  the  alloy  doped  with  Te 
is  lower  than  in  the  alloy  doped  with 
Sn.  This  is  in  agreement  with  the  de¬ 
pendence  of  m  upon  N  (fig. 3).  At  the 
same  time,  p,  in  doped  single  crystals 
is  lower  than  in  the  undoped  crystal. 
This  may  be  caused  by  a  reduction  of 
structure  perfection  of  single  cryst¬ 
als  in  doping. 

These  results  suggest  that  effect  of 
doping  on  Z  value  of  the  alloy,  being 
studied  in  this  work,  is  determined 
by  the  action  of  two  factors;  variat¬ 
ion  of  N  causing  an  increase  of  Z 
when  it  approaches  N( opt), and  a  redu¬ 
ction  of  [1  preventing  this  increase. 
The  general  features  of  the  conducti¬ 
on  band  of  Bi-Sb  alloys  C83  made  it 
possible  to  use  the  results  of  this 
consideration  for  explanation  experi¬ 
mental  data  obtained  on  other  alloy 
compositions  too.  In  this  connection 
it  is  not  improbable ,  that  (1  may  incr¬ 
ease  v;ith  small  doping  of  Sn  in  allo¬ 
ys  having  initial  lower  |i  value  than 
that  in  Bi  with  9at.%  Sb  alloy.  Thus, 
such  p,  increase  from  52  to  58  (m.m)/ 
(V.c)  at  77K  were  detected  in  Bi  with 
15  at.%  Sb  alloy  in  doping  with  5  x 
xlO ( -5 )at . %Sn. As  the  increase  of  p  is 
one  of  the  conditions  of  TM  figure  of 
merit  increasing , we  also  examined  the 
effect  of  Sn  (in  comparison  with  Te ) 
on  this  parameter  for  Bi-Sb  single 
crystals,  containing  2  at.%  Sb. 
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ed  crystals.  Further  Sn  content  incr¬ 
easing  reduces  their  TM  f.m. 

It  may  be  assumed  that  effect  of  Sn 
on  TM  f.m.  is  associated  with  simult¬ 
aneous  variation  of  the  electron  mob¬ 
ility  and  the  ratio  of  number  of  ele¬ 
ctrons  and  holes.  When  doping  with  Te 
effect  of  both  these  factors  reduces 
TM  f.m.  of  the  alloy. 

Strength  properties  of  Bi-Sb  single 
crystals  doped  with  Te  and  Sn 


We  investigated  the  strength  propert¬ 
ies  of  doped  Bi-Sb  single  crystals  in 
comparison  to  that  of  undoped  single 
crystals  with  the  use  of  bending  test 
method,  because  the  stress  state  of 
specimen  in  bending  is  similar  to  di¬ 
stribution  of  stresses  in  thermocoup¬ 
le  branches.  Selected  specimen  orien¬ 
tation  is  the  most  important  for  mak¬ 
ing  these  wares  from  Bi-Sb  crystals: 
the  loading  is  proceeding  in  parallel 
to  the  cleavage  plane  (111)  of  the 
crystal,  causing  this  plane  becomes 
destructive  one. 

The  results  obtained  for  Bi-Sb  single 
crystals  containing  9at.%Sb  are  shown 
in  Fig. 5, that  for  crystals  containing 
2  at.%  Sb  are  shown  in  Fig. 6. 

As  is  clear  from  Fig. 5,  mean  bending 
strength  values  of  doped  Bi-Sb  cryst¬ 
als  ,  containing  9  at.%  Sb,are  close  to 
that  of  undoped  one.  Therefore  it  is 
possible  to  use  doped  with  Te  cryst¬ 
als,  having  the  higher  MTE  f.m., or  do¬ 
ped  with  Sn  Clay stals, having  different 
combination  of  p.  Cl,  36,  in  producing 
of  thermocouple  branches  like  undoped 
crystals  with  the  same  content  of  Sb. 
Effect  of  Te  and  Sn  on  bending  stren¬ 
gth  of  Bi-Sb  crystals,  containing  2 
at.%  Sb,is  positive  (Fig. 6). For  crys¬ 
tals  doping  with  Sn  it  is  particular¬ 
ly  remarkable  that  the  increase  of 
bending  strength  is  attended  with  the 
dispersion  of  tests  decreasing  and, as 
noted  above,  TM  f.m.  of  doped  with  Sn 
crystals, containing  2at.%  Sb,is  close 
to  that  of  undoped  crystals  with  the 
same  content  of  Sb. 

Previous  x-ray  diffraction  microscopy 
investigation  suggests, that  effect  of 
Te  and  Sn  on  the  bending  strength  of 
Bi  with  2  at.%  Sn  single  crystals  is 
most  likely  conditioned  by  distincti¬ 
on  between  structure  perfection  of 
doped  and  undoped  crystals.  In  turn, 
this  distinction  is  consequence  of 
change  of  crystallization  conditions 
on  crystal-melt  interface  with  doping 


Fig. 5 

The  bending  strength  of  the  Bi-Sb  si¬ 
ngle  crystals,  containing  9  at.%  Sb. 
Undoped  alloy  -  1.  Alloys  doped: 
with  Te:  1  x  10 (-4)  at.%  -  2; 
with  Sn:  5  x  10 (-5)  at.%  -  3, 

1.5x  10 (-4)  at.%  -  4. 


MPa 
60 

^0 
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Fig.  6 

Influence  of  doping  with  Te  (a)  or  Sn 
(b)  on  the  bending  strength  of  Bi-Sb 
single  crystals,  containing  2  at.%  Sb 
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the  melt.  The  low  dispersion  of  the 
tests  results  for  Sn  doped  crystals 
is  directly  related  to  homogeneous 
structure  perfection. 

Conclusion 

At  a  result  of  investigation  carried 
out  on  the  doped  Bi-Sb  single  cryst¬ 
als  it  may  be  concluded  that  at  maxi¬ 
mum  thermoelectric , magnetothermoelec¬ 
tric  and  thermomagnet ic  figure  of  me¬ 
rit  the  strength  properties  of  doped 
crystals  at  least  are  not  lower  than 
those  of  undoped  crystals.  The  level 
of  the  strength  properties  of  doped 
crystals  makes  it  possible  to  carry 
out  all  tapes  of  treatment  including 
brazing  in  producing  branches  and  as¬ 
sembling  thermoelements. 
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The  new  data  about  the  mi  cr  ostructure  o-f  Bi  ^Te^-Sb^Te^  alloys 
grown  by  zone  melting  technique  is  represented  in  this  paper. 
The  mathematical  model  o-f  concentration  supercooling  is  ela¬ 
borated.  The  periodical  micro-  and  macrodistribution  of  the 
components  is  explained 


Introducti on 

The  BiaTej,  SB^Te^r,  and  Bi^Se^  based 
alloys  are  widely  applied  in  thermoelectric 
cooling  devices.  The  thermoelectric  proper-r 
ties  of  these  materials  are  determined  by 
their  structure.  The  structure  of  the  grown 
Bi^Te^,  Sbi-Te.-i,  and  Bi^Se^  alloys  is  formed 
as  a  result  of  complicated  heat  and  mass 
exchange  processes  near  the  growth  intei — 
face..  At  present,  there  are  publications 
dedicated  to  the  problem  of  structure 
formation  in  the  crystallization  process  of 
these  alloys  Cl,  21,  but  they  lack  detailed 
investigations  of  microstructure  properties 
and  the  reasons  that  generate  structural 
features. 

The  object  of  this  work  is  to  investiga¬ 
tions  the  influence  of  the  chemical  compo¬ 
sition  in  charge  and  the  growth  rate  of  the 
microstructure  of  (Bi ,Sb) and 

Bisr(TefSe)^  solid  solutions  grown  by  a  zone 
melting  technique  and  alloys  produced. 

Experimental  methodology 

The  (Bi i—„Sbx} where  x=0.5,  0.6, 

0.7  and  0.8,  compositions  wejre  taken  for 
investigation.  The  excess  tellurium  con¬ 
centration  in  tlie  charge  was  varied  from 
0.5  to  2.5  raass./C.  A  charge  of 
(Bio.vSbo.  a)  rTe^i+B .  0  mass.  7.  Te  was  also 
used.  The  elementary  components  were  loaded 
in  quartz  ampoules  coated  with  graphit 
by  means  of  alcohol  pyrolysis.  The  ampoules 
were  evacuated  and  sealed. 

The  specimens  under  i  n vest  i  ga-c i  on  were 
grown  using  vertical  zone-melting  techni¬ 
que.  The  growth  rate  was  1.0  to  1.5  cm/h . 
This  ingots  were  9  to  12  mm  in  diameter  and 
up  to  100  mm  long.  Then  the  obtained  ingots 
were  cut  in  the  diametric  cross  section. 
The  cross-section  surface  was  ground,  po¬ 
lished,  and  etched  in  a  nitric  acid  solu¬ 
tion  of  a  18  to  207.  concentration.  The  ob¬ 
servations  were  made  using  an  optical 
metal lographi c  microscope.  To  examine  the 
dependence  of  mi crostructure  variations  on 
growth  rate,  which  was  sharply  varied  in 
the  process  of  growth  when  the  melted 
zone  was  located  in  the  middle  portion  of 
the  ingot. 


Experimental  results 


No  fundamental  distinctions  between 
mi crostructures  of  ingots  with 


the 


Fig.l.  The  mi crostructur e  of  the 
initial  (a)  and  end  (b)  sections 
of  the  two-phase  region  in  a 
(Bio.^Sbo.T-)  zTejs+iV.  Te  zone-mel¬ 
ted  i  ngot  (a70) . 


var 1 ous 
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malar  ratios  o-f  and  SbsTe^,  grown  at 

the  safi)e  rate  have  been  observed.  A  mic"" 
restructure  characteristic  of  all  the  com- 
positionss  observed  in  specific  cross  sec¬ 
tions  will  be  discussed  here. 

All  of  the  ingots  grown  at  a  constant 
rate  from  (Bi  pSb)  loading  were  ini¬ 

tially  single-phase  (Fig. la).  In  the  very 
end  of  the  ingot  (Fig.  lb)  the  emergence  of 
a  second  phase  was  observed.  The  two-phase 
region  has  a  clear  interface  with  the  sing¬ 
le-phase  one.  The  two— phase  region  consists 
of  almost  regularly  alternating  bright  and 
dark  longitudinal  layers  oriented  in  the 
growing  direction.  In  the  very  end  of  the 
two— phase  region,  another  conditional 
interface  is  observed. 

It  divides  the  two-phase  region  into 
subregions  with  layers  of  various 
thickness.  In  the  end  of  the  subregion, 
the  thickness  of  bright  color  layers  is 
much  greater  and  the  layer  thickness  shows 
hopping  changes. 

The  bright  layers  in  the  entire  two-pha¬ 
se  region  are  also  inhomogeneous.  Some  part 
of  a  dark  layer,  neighboring 

a  bright  structural  component,  may  be 
brighter  than  another. 

It  should  be  noted,  that  the  two-phase 
region  length  depends  on  the  excess 
tellurium  concentration  in  the  charge. 
Thus,  the  two-phase  region  length  in¬ 
creases,  if  the  excess  tellurium  con¬ 
centration  in  the  loading  is  increased  too. 

The  thickness  of  the  structural  compo- 
P0fits  in  the  two— phase  region  increases  as 
the  coordinate  of  the  distance  that  is  mea¬ 
sured  from  the  beginning  of  this  region 
increases  (see  Table  and  Fig. 2). 


Tabl e. 

The  average  thickness  of  structural 
components  in  the  two-phase  region 
of  a  f <7 „ 1 .  Oy.  Ts  ingot. 


Distance  free  the  beginning 
of  the  tao-phase  region,  no 

— 

0 

1.0 

2.6 

4,0 

5.0 

7.0 

9.0 

Average  thickness  of  dart 
layers,  d,- 10  so 

0.74 

0.B2 

1.0 

1,2 

1.4 

1.6 

0.5 

Average  thickness  of 
bright  layers,  d2-10  on 

0,06 

0,1 

0,15 

0.18 

0.25 

0.3 

0.5 

Layer  thickness  ratio 

12.3 

8.2 

6.7 

6.7 

5.6 

4.6 

0.6 

The  structural  inhomogeneities  invisible 
in  the  usual  light.  They  are  observed  in 
the  polarised  light  in  the  vicinity  of  the 
two— phase  region.  The  dark  color  structural 
layers  in  the  two-phase  region. -are  a  conti¬ 
nuation  of  the  structural  inhomogeneities 
born  in  the  single-phase  region  (Fig. 3). 

The  increase  in  the  excess  tellurium 
concetration  in  the  charge  to  8.0  mass  ’/. 
considerable  changes  in  the  mi crostructure 
the  single  phase  region  of  the  ingots 
grown  under  other  conditions.  The  main 
difference  is  the  emergence  of  a  lamella 
transverse  inhomogeneity  with  almost  re¬ 
gular  distribution  along  the  ingot  with  a 
period  of  5.5  s  (Fig. 4). 


Fig. 2.  Thickness  ratio  dependence  of 
dark  and  bright  structural  components 
of  the  two-phase  region  in  a 
(*B2  o . serSbe. . .3“^  1 .  o Tg  ingot. 


Fig. 3.  The  microstructure  of  the 
initial  portion  of  a  two-phase 
region  in  (Bio.sSbc.s^s'Tes'^'Z’Oy.Te 
zone-melted  ingots,  observed  in 
the  polarized  light  (xl20>. 

7aw,  look  what  happens  when  the  change  of 
the  rate  in  the  process  of  growthing  oc¬ 
curs.  It  affects  both  the  character  of 
micro-  and  macr ostr uc tur e .  At  the  moment  of 
the  abrupt  increasing  the  growth  rate,  the 
second  phase  as  a  wide  stripe  emerges 
(Fig. 5) . 

This  stripe  possesses  a  substructure  and 
consists  of  the  bright-color  structural 
component  spots  against  the  background  of 
the  basic  phase.  The  lamellea  are  located 
in  an  approximately  periodical  order  along 
the  ingot  until  they  merge  into  a  two- 
phase  region  in  the  end  of  the  ingot 
portion . 

A  lamella-geometry  transverse  structure 
is  also  char  act  er  i  St  i  c  of  the  zone  melted 
ingots  of  the  Bipp(T&pSG)^  composition. 
Under  low  magni f i cat i  on  (Fig. 6)  the  dis¬ 
tribution  of  lamellea  along  the  ingot  is 
almost  periodic.  Similar  to  tne  (Bi  ,Sb) zTes 
ingots,  a  change  in  the  mutual  location  of 
lamellea  including  their  merging  is  obser¬ 
ved  as  chaotic  one. 

The  macrostructure  of  the  single-phase 
regions  in  the  (Bi pSb) ingots  grown 
from  a  charge  containing  up  to  2.07.  tel¬ 
lurium  are  observed  in  the  form  of  diffuse 
transverse  layers  located  strictly  periodi¬ 
cally  along  the  ingot  (Fig. 7). 


single-phase  region; 
a  region  contiguous  with 
the  two-phase  region; 
two-phase  region. 


The  macrostructure  o-f  a 
OX  T & 

2one-melted  ingot  (xl.B) 


It  is  not  always  possible  to  reveal  such 
structures.  However,  on  the  specimen  where 
it  was  noticed  its  periodicity  was  about 
50  minutes  (Fig.  7).  In  the  end  of  the  same 
ingot  one  can  observe  macro-phenomena  o-f  a 
two-phase  region  formation,  similar  to 
that  those  shown  in  Fig.l.  The  two-phase 
crystallization  begins  at  a  distance  of  2.5 
cm  from  the  beginning  of  the  ingot. 


Fig. 5.  The  macr ostr ucture  of  the  area 
on  a  (Bio.aSba.a^ OV.  Te  ingot, 
where  the  growth  rate  was  increased 
from  1  cm/h  to  2  cm/h  (::2)  . 
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during  the  crystallisation  o-f  tlie 
(Bi,Sb)^Te:3  solid  solutions.  The  investiga¬ 
tion  of  ptiase  diagrams  for  the  BiSb—Te 
system  C3T  as  W£>11  as  the  investigation  of 
thermoelectric  properties  o-f  the 

(Bi,Sb)zTe^  solid  solutions  produced  using 
cone  melting  technique  14,  51  allow  to 
suggest  that  the  free  tellurium  practically 
does  not  dissolve  in  the  solid  solution.  If 
the  (Bi fSb) xTe^-Te  system  is  considered, 
the  free  tellurium  has  a  very  small 
distribution  coefficient  there,  and  the 
growth  interface  pushes  it,  therefore,  into 
the  melt. 

According  to  the  phase  equilibrium  diag¬ 
ram  in  the  BiSb-Te  system,  the  simulta¬ 
neous  cr  ystal  1  i  2  at  i  on  botti  (Bi,Sb)xTe3  so¬ 
lid  solution  and  Te  take  place  wfien  the 
melt  readies  eutectic  composition.  Some¬ 
thing  similar  to  the  result  of  such  crys¬ 
tallization  may  be  seen  in  the  microstruc¬ 
ture  represented  in  this  work  (Fig.l).  The 
phase  volume  ratio  varies,  however,  along 
the  two-phase  region  (see  Table  and 
Fig. 2),  and  in  addition,  does  not  corres¬ 
pond  to  the  relationship  determined  by  the 
phase  equilibrium  diagrarr.  The  possible 
conclusion  that  the  melt  has  reached  the 
eutectic  composition  in  the  zone  will  not 
conform  with  the  reality.  The  two-phase 
crystallization,  on  the  contrary,  can 
result  from  the  fact  that  the  melt  has  rea- 
ci-.td  tlie  eutectic  composition  in  multiple 
local  regions,  which  takes  place  when  con¬ 
ditions  arise  for  the  concentr at i on- 
induced  supercooling  well  described  in  a 
two-component  system  by  the  Tiller  condi- 
ti  on 

k,o-D-G  dCe 

-  ,  (1) 

(l-k:,:.)-Cs  dT 

where  V^r-  is  the  critical  growth  rate  to  be 
exceeded  given  the  temper  srture  gradient  G 
in  the  melt  near  the  growth  interface,  D  i-s 
the  diffusing  coefficient,  Ct,  is  the  compo¬ 
nent  concanti'ati  on  in  the  solid  phase, 
dCi./dT  is  tlie  angle  between  the  liquidus 
line  and  the  ternpiar  sture  axis  at  the 
crystallization  temperature,  and  ka  the 

distribution  coefficient. 

Assciming  tlie  tellurium  distribution 
coefficient  in  tfie  (Bi  ,Sb )  ;si  system  is 
small  (k=<<l),  taking  into  account  equation 
Ca=ko-CL_  and  the  linear  dependence  of  the 
free  tellurium  concentration  Cu  in  the  melt 
during  zone-  molting  on  tlis  zone  coordinate 
X  on  the  ingot  when  zone  length  is  L  and 
the  initial  free  tellurium  concentration  in 
tlie  cl’iarge  is  Cci  14,  51  Ci_=Cd  (  1-+-X /t )  ,  we 

have 

CB=ke.-Co-  il+X/L)  (2) 

and  equation  (1)  looks  as  follows: 

D-G  dCu 

-  (3) 

C„-(l+X/t)  dT 

The  zorie  coordinate  on  the  ingot  may  be 
taken  as  the  growth  process  variable  inste¬ 
ad  of  tkie  growth  rate.  Thc-'n  at  a  constant 
growth  rate  the  iricrease  in  the  zone  coor¬ 


dinate  X  on  the  ingot  causes,  according  to 
(2),  an  increase  in  the  tellurium  concent¬ 
ration  in  the  melt.  Assuming  the  dependence 
of  diffusion  coefficient  and  temperature 
gradient  6  in  the  melt  on  concentration  to 
be  negligible,  one  can  obtain  a  condition 
from  the  relationship  (3),  which  determines 
the  Xc,-  coordinate  on  the  ingot  where  the 
concentr at i on -i nduced  supercooling  begins: 

D-G  dCu 

-  (4) 

V-Co  dT 

In  stationary  heat  and  mass  exchange 
process  during  zone  melting,  the  beginning 
of  the  concentr at i on-i nduced  supercooling 
appears  simultaneously  on  the  within  ingot 
cross  section  tkiat  corresponds  to  the  X^.- 
coordinate.  In  general,  the  Xcr-  value  is 
determined  not  solely  by  the  temperature 
gradient,  and  the  interface  line  between 
single-phase  and  two-phase  regions  is  the 
locus  of  points  on  which  Ti/ller  condition 
is  met.  The  distortion  of  the  surface  where 
the  concentration-induced  supercooling  be¬ 
gins,  observed  in  Fig. la,  is  obviously  de¬ 
termined  by  the  irregular  temperature  gra¬ 
dient  and  dCi_/dT  fields  as  well  as  by  the 
component  concentration  variation  due  to 
the  convection  in  the  bulk  of  the  melt. 

This  approach  also  well  provides  for  the 
phase  volume  ratio  deviation  from  the  one 
inherent  in  the  eutectic  crystallization. 
Indeed,  the  free  tellurium  is  pushed  alrea¬ 
dy  into  the  melt  of  the  i nter dendr i te  regi¬ 
on  where  heat  and  mass  exchange  with  the 
zone  melt  are  considerably  hampered,  and 
the  dendrites  additionally  grow  on  the 
lateral  surface.  The  essentially  non  equi¬ 
librium  crystallization  of  the  interdend¬ 
rite  melt  ends  at  the  eutectic  temperature. 
However,  during  the  cr ystal 1 i z at i on  of  the 
interdendrite  nrielt  at  the  eutectic  tempera¬ 
ture,  some  part  of  it  crystallizes  on  the 
lateral  dendrite  surface,  which  increases 
the  phase  volume  ratio  to  the  benefit  of 
the  dark  structural  component.  When  the 
melt  reaches  the  eutectic  composition  in 
the  zone  due  to  a  reduction  of  its  length 
in  the  very  end  of  the  phase  volume  ratio 
(Table  1,  last  column),  and  can  be  easily 
seen  in  Fig. lb  and  7. 

The  generation  of  dendrites  starts 
already  in  the  single-phase  region 
(Fig. 2),  but  nevertheless  the  growth  of 
dendrites  acquires  a  f undamental 1 y  new  cha¬ 
racter  when  the  second  phase  appears.  The 
dendrites  observed  in  tkie  single-phase  re¬ 
gion  are  undoubtedly  a  consequence  of  the 
increase  in  the  bismuth  and  'antimony 
distribution  coefficients,  when  the  free 
tellurium  concentration  in  the  zone  melt  is 
risen.  The  dendrites  in  the  single-phase 
region,  that  are  a  kind  of  forerunners  of 
the  two-phase  crystallization,  may  be  re¬ 
ferred  to  first-order  dendrites,  and  the 
dendrites  in  the  two-phase  region,  to  se¬ 
cond  order. 

According  to  equation  (4),  a  reduction 
of  the  Xcr-  value,  i.e.,  a  displacement  of 
the  beginning  of  the  two-phase  crystal¬ 
lization  to  the  beginning  of  the  ingot,  may 
be  expected  when  the  free  tellurium  con¬ 
centration  Cc  in  the  charge  increases.  This 
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is  e>;actly  what  is  observed  in  Fig. 3. 
Similar  phenomena  will  be  observed,  too, 
when  the  growth  rate  increases. 

The  tellurium  diffusion  coefficient  that 
is  calculated  using  the  results  of  measu¬ 
ring  Xc,-=7.5  cm  is  approximately  equal 
2.4-10“'’  m^/s.  ,  if  the  following  data  of 

dT/dX^=140  K/cm,  V=-1.5  cm,  Co=2.07.  Te  are 
accepted,  and  dCL/dT--1.2  l/K  is  calculated 
using  liquidus  line  curve  given  in  C6]. 

This  figure  is  very  close  to  the  value 
of  5.0-10“'’  ra^/s.  obtained  in  C7T  for  the 
same  solid  solution  CBj  o,  „Sbo.  wl  ^Te-jr,  but 
grown  by  Czochralski  technique. 

The  appearance  of  transverse  growth 
strip  in  the  single-phase  region  is  hardly 
attributable  to  the  periodicity  of  thermal 
processes  in  the  melt,  initiated  by  the 
functioning  of  a  temperature  regulator,  or 
by  the  discreet  increments  of  the  drive 
that  travels  the  ingot  with  respect  to  the 
heater.  The  averade  strip  appearance  period 
is  close  to  3.0  s.  (Fig. 4)  while  the  tempe¬ 
rature  regulator  time  constant  was  close  to 
250  s.  ,  and  the  drive  increment  did  not 
exceed  -f-S  micrometers. 

In  our  opinion,  the  most  acceptable 
explanation  for  the  factors  tliat  generate 
periodical  transverse  i  nhomogenei t i es  may 
be  the  accumulation  of  sufficiently  high 
free  tellurium  concentration  in  the  melt, 
which  entailed  an  increase  in  ttie  antimony 
distribution  coefficient,  but  did  not  yet 
result  in  a  two-phase  crystallization. 

Such  explanation  seems  there  to  be  real 
since  similar  sel  f -or gani z at i on  processes 
in  system  of  melt-solid  are  also  observed 
in  the  Bi system  (Fig,  6)  where 
the  bismuth  selenide  distribution  coeffi¬ 
cient  is  close  to  2.0. 

The  order  in  the  growth  strip  location 
along  the  ingot  is  probably  violated  by  the 
convection  in  the  melt.  In  this  case,  the 
strip  may  have  a  complex  distorted  shape, 
they  may  merge  and  intersect  depending  on 
local  temperature  conditions'. 

It  is  difficult  to  refer  the  component 
distribution  along  the  zone-crystallized 
ingots  having  a  big  location  period  of 
growth  strip  (up  to  B.5  mm,  see  Fig. 7)  to 
the  influence  exerted  on  the  strip  by 
external  factors. 

The  periodicity  of  the  second-phase 
concentrat 1  on  distribution  along  the  ingot, 
observed  when  the  growth  rate  (FiQ.5>  or 
tellurium  concentr  at  i  on  in  the  end  of  the 
iiigot  (Fig. 7,  the  end  of  the  ingot,  area  a) 
increase,  suggest  a  predominant  role  of 
periodical  reproduction  of  conditions  for 
the  emergence  of  concentration-induced 
supercooling,  due  to  the  formation  of  a 
melt  layer  very  rich  in  tellurium  and 
contiguous  with  the  crystallizing  solid 
phase. 

Thus,  the  investigations  of  the  micro¬ 
structure  zone  melted  alloys  produced  from 
the  (Bi  fSb)  :tTej,-^Te  charge,  suggest  a  comp¬ 
lex  character  of  component  distribution 
in  the  Bi-Sb-Te  system.  Dne  of  the  basic 
processes  leading  to  self-organization  of 
various  orders  in  melt-solid  system  is 
tellurium  segregation  and  the  influence 
exerted  by  tellurium  concentration  on 
bismuth  and  antimony  distribution. 


Cone lusi ons 

1.  The  beginning  of  two-phase  crystal¬ 

lization  during  zone  melting  of  the 
(Bi  ,Sb)  zTe  allays  is  preceded  by  the 

formation  of  the  first-order  dendrites. 

2.  The  two-phase  crystallization  during 

zone  melting  of  the  (Bi ,  Sb )  s'Te  alloy  is 

consequence  of  the  fact  that  a  critical 
concentration  of  excess  tellurium  is  rea¬ 
ched,  at  which  the  formation  of  the  second- 
order  dendrites  occurs. 

3.  Periodic  inhomogeneity  structure  of 
various  type,  formed  as  a  result  of  self- 
organization  processes  in  the  melt-solid 
system,  are  found  during  the  crystalliza¬ 
tion  of  the  (Bi  ,Sb)  :zTe^,  Bi^CTe  ,Se)  solid 
sol  ut  i  on . 
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Abstract 

Mechanical  alloying  behavior  and  thermoelectric 
properties  of  (Bi,Sb)2Te3  have  been  investigated. 
Processing  time  for  the  complete  formation  of 
(Bii  xSbxi'aTes  by  mechanical  alloying  was  increased 
with  increasing  Sb  content,  and  was  inversely 
proportional  to  the  ball  to  powder  weight  ratio. 

Figure  of  merit  of  Bio.5Sb1.5Te3  at  300K,  processed 
by  mechanical  alloying,  was  increased  with  hot 
pressing  temperature,  and  was  2.4  x  10  VK  when 
hot  pressed  at  575 ”C  for  30  minutes. 

Introduction 

Mechanical  alloying  is  a  technique  in  which 
intermetallic  compound  or  alloy  powders  are 
fabricated  from  elemental  powders  tlirough  a 
sequence  of  collision  events  inside  a  high  energy 
ball  mill.  This  metallurgical  process  has  been 
employed  in  industry  since  the  early  1970's  for 
production  of  oxide  dispersion  strengthened  alloys 
and  production  of  alloys  with  components  which 
have  widely  different  melting  temperatures  [1]. 
Recently,  mechanical  alloying  has  been  applied  to 
prepare  thermoelectric  materials,  such  as  (Bi,Sb)2Tc3 
and  SiGe  alloys  [2,3,4], 

Since  the  mechanical  alloying  process  occurs  near 
room  temperature,  this  technique  can  be  viewed  as  a 
cost-saving  alternative  for  the  production  of 
polycrystalline  thermoelectric  materials  to  the 
conventional  "vacuum  melting/chill  cooling/grinding" 
process  where  a  long  processing  time,  and  high 
temperature  and  large  scale  facilities  are  required 
[31, 

In  this  paper,  mechanical  alloying  behavior  of 
(Bi,Sb)2Te3  was  characterized,  and  thermoelectric 
properties  of  Bio.sSbi.sTea,  hot  pressed  with 
mechanically  alloyed  powders  and  melt/ground 
powders,  were  compared. 


Rxperimental  procedure 
1.  Mechanical  Alloying 

(Bi,Sb)2Te3  was  fabricated  with  elemental  Bi,  Sb 
and  Te  powders  of  a  particle  size  less  than  44  Um 
and  purity  higher  than  99.999%.  The  appropriate 
amounts  of  Bi,  Sb  and  Te  powders  were  weighed 
and  charged  in  a  hardened  tool  steel  vial  with  steel 
balls  as  milling  media  under  Ar  atmosphere.  Ball  to 
powder  weight  ratio  was  held  2  :  1,  4  :  1  and  10  : 

1.  Mechanical  alloying  was  conducted  by  shaking 
the  vial  at  approximately  1200  rpm  using  a  Spex 
mixer/mill. 

After  the  vibro-milling  process.  X-ray  diffraction 
analysis  was  made  to  characterize  the  crystalline 
phases  and  to  determine  the  lattice  parameter  of 
(Bi,Sb)2Te3  formed  by  mechanical  alloying. 

Mechanical  alloying  behavior  of  (Bi,Sb)2Te3  was 
characterized  using  the  variation  of  the  relative  X-ray 
peak  intensities  of  Bi,  Sb,  Te,  and  (Bi,Sb)2Te3  with 
milling  time.  Since  the  diffraction  angles  of  Bi  (102), 
Sb  (102),  Te  (101)  and  BpTes  (015)  peaks  are  almost 
identical,  the  maximum  intensities  of  Bi  (110),  Sb 
(110),  Te  (110)  and  Bi2Te3  (110)  peaks  were  compared 
relative  to  (220)  peak  intensity  of  Si  powder  which 
was  mixed  with  the  processed  powders  as  internal 
standard  after  mechanical  alloying.  DTA  was 
conducted  at  a  scan  rate  of  5’C/min  for  the 
as-mixed  and  mechanically  alloyed  powders. 

2.  Hot  pressing  and  measurement  of 
thermoelectric  properties 

High  purity  (>  99.999%)  Bi,  Sb  and  Te  powders 
were  mechanical  alloyed  for  1  hour  at  ball  to 
powder  weight  ratio  of  10  :  1  to  form  Bio.5Sb1.5Te3. 
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To  compare  thermoelectric  properties,  Bio.5Sb1.5Te3 
powders  were  made  by  conventional  melting  and 
grinding  process.  Bio.5Sb1.5Te3  powders  were  hot 
pressed  in  vacuum  at  temperatures  ranged  from  300 
"C  to  575  °C  for  30  minutes. 

Seebeck  coefficient  a  was  characterized  at  300K 
by  the  heat  pulse  method.  The  electrical  resistivity  p 
and  thermal  conductivity  K  of  the  samples  were 
characterized  at  300K  using  Harman  method  in 
vacuum  of  10  ®  torr  to  minimize  thermal  conduction 
through  convection.  Figure-of-merit  Z  was 
calculated  using  the  equation  Z  =  a^/p-K. 

Results  and  Discussion 
1.  Mechanical  alloying  behavior 

Elemental  Bi  and  Te  powders  were  weighed  for 
Bi2Te3  composition  and  mechanically  alloyed  at  ball 
to  powder  weight  ratio  of  2  :  1.  X-ray  diffraction 
patterns  of  the  as-mixed  and  processed  powders  are 
shown  in  Fig.  1.  Mechanical  alloying  behavior  of 
BbTes,  characterized  using  the  variation  of  the  relative 
X-ray  peak  intensities  of  Bi,  Te  and  BiaTes  (Fig.  2), 
clearly  illustrates  complete  formation  of  BbTes  by 
vibro-milling  process  for  1  hour. 


Fig.  1  XRD  patterns  of  Bi  and  Te  powders  with 
different  mechanical  alloying  time. 

(ball  to  powder  weight  ratio  2:1) 


DTA  curves  of  as-mixed  and  mechanically 
alloyed  Bi2Te3  powders  are  shown,  in  Fig.  3.  For 
the  as-mixed  powder,  an  endothermic  peak  at  272  "C 
due  to  the  melting  of  Bi  and  exothermic  peaks, 
associated  with  successive  reactions  between  Bi  melt 
and  solid  Te  to  form  BbTes,  were  observed. 


Fig.  2  Relative  intensities  of  Bi  (110),  Te  (110),  and 
Bi2Te3  (110)  diffraction  peaks  with  milling 
time,  (ball  to  powder  weight  ratio  2:1) 


Temperature  (°C) 


Fig.  3  DTA  curves  for  BbTes  powders,  a)  as 
mixed  and  b)  mechanically  alloyed  for  1  hour 
at  ball  to  powder  weight  ratio  of  2  :  1 
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However,  such  endothermic  and  exothermic  peaks 
disappeared  completely  in  the  powder  milled  for  1 
hour.  With  this  result,  it  could  be  confirmed  that  the 
formation  of  BbTes  was  completed  by  mechanical 
alloying  of  Bi  and  Te  powders  for  1  hour  at  ball  to 
powder  weight  ratio  of  2  :  1. 

Processing  time  for  the  complete  formation  of 
(Bii-xSbx)2Te3  by  mechanical  alloying  at  ball  to  powder 
weight  ratio  of  2  :  1  was  3  hours  for  x  =  0.25  and  x 
=  0.5  compositions,  and  5  hours  for  x  =  0.75  and  x  = 
1.  Such  retardation  of  the  mechanical  alloying  process 
with  increasing  Sb  content  might  be  due  to  the 
bonding  characteristics  between  Bi2Te3  and  Sb2Te3. 
Enthalpy  of  formation  AHmix  for  Bi2Te3  is  negatively 
larger  than  AHmix  for  Sb2Te3  [5],  and  Sb-Te  bond  is 
weaker  than  Bi-Te  bond  [6]. 

Processing  time  required  for  the  complete  formation 
of  Bi2Te3  and  Bio.25Sbo.75Te3  at  various  ball  to  powder 
weight  ratio  is  illustrated  in  Fig.  4.  Without  depending 
on  the  composition,  processing  time  for  mechanical 
alloying  of  (Bii-xSbx)2Te3  was  inversely  proportional  to 
the  ball  to  powder  weight  ratio.  Bio.5SbisTe3  could  be 
formed  by  mechanical  alloying  for  1  hour  at  ball  to 
powder  weight  ratio  of  10  :  1. 

As  shown  in  Fig.  5,  lattice  parameters  of  Bi2Te3 
fabricated  by  mechanical  alloying,  a  =  0.4387  nm  and 
c  =  3.0481  nm,  were  in  excellent  agreement  with 
values  of  a  =  0.4385  nm  and  c  =  3.0483  nm,  reported 
for  BbTea  powder  made  by  melting  and  grinding  [9]. 
Lattice  parameters  of  mechanically  alloyed  Bi2Te3  were 
not  changed  with  ball  to  powder  weight  ratio  and 
milling  time. 


Ball-to-powder  weight  ratio 

Fig.  4  Processing  time  for  BLTes  and  (Bio.25Sbo.75)2Te3 
formation  with  ball  to  powder  weight  ratio. 


2.  Thermoelectric  properties 

Seebeck  coefficient,  electrical  resistivity  and 
thermal  conductivity  of  p-type  Bio.sSbrsTe;!  alloys, 
measured  at  300K,  are  illustrated  in  Fig.  6,  Fig.  7 
and  Fig.  8,  respectively. 

Seebeck  coefficients  of  cold  pressed  Bio.sSbisTes 
processed  by  mechanical  alloying  and  conventionally 
ground  powders  were  about  150  aV/K  before  hot 
pressing,  which  is  almost  same  as  Seebeck 
coefficient  of  as-grown  ingot  of  the  same 
composition.  Seebeck  coefficient  of  the  samples  were 
increased  by  hot  pressing,  which  indicates  reduction 
of  carrier  concentration.  In  p-type  {Bi,Sb)2Te3  alloys, 
carriers  are  mainly  generated  by  anti-structure 
defects.  Thus,  decrease  of  carrier  concentration  by 
hot  pressing,  shown  in  Fig.  6,  is  believed  to  be 
related  to  Te  solubility  in  the  matrix  at  hot  pressing 
temperature.  In  Sb2Te3-rich  compositions  of 
Bi2Te3-Sb2Te3  pseudo  binary  system,  it  has  been 
reported  that  equilibrium  Te  solubility  decreases 
with  increasing  temperature  [8].  Possibility  of  carrier 
concentration  change  due  to  mechanical  point  defects 
could  be  excluded  as  they  could  be  annealed  out  at 
these  hot  pressing  temperatures. 

Seebeck  coefficient  of  Bio.5Sb1.5Te3  prepared  with 
mechanically  alloyed  powders  are  higher  than  values 
of  samples  fabricated  with  melting  and  ground 
powders.  It  could  be  suggested  that  higher  defects 
concentration  in  mechanical  alloyed  powders 
enhanced  reduction  of  anti-structure  defects. 


Fig.  5  Lattice  parameters  of  mechanically 
alloyed  BLTes 
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Variation  of  electrical  resistivity  with  hot  pressing 
temperature  (Fig.  7)  shows  the  same  trend  as  that 
of  Seebeck  coefficient.  In  spite  of  high  Seebeck 
coefficient,  Bio^SbrsTes  alloys  fabricated  with  both 
powder  processing  methods  still  remain  in  extrinsic 
region  at  room  temperature. 

Lattice  thermal  conductivity  Kph  of  the  hot- 
pressed  samples,  which  was  obtained  by  subtract¬ 
ing  Kei  from  Ktot,  is  lower  than  Kph  (about  1  W/m-K) 


of  the  as-grown  ingot  [9].  As  shown  in  Fig.  10, 
figure  of  merit  of  Bio.5Sbi,5Te3  processed  with 
mechanically  alloyed  powders  is  a  little  lower  than 
samples  made  with  ground  powders.  As  carrier 
concentration  seems  to  be  low  in  mechanically 
alloyed  and  hot  pressed  Bio.5Sb1.5Te3  alloys,  it  is 
necessary  to  optimize  carrier  concentration  by  adding 
acceptor  impurities  to  increase  figure  of  merit. 


Fig.  6  Seebeck  coefficient  of  BiosSbisTea 
with  hot  pressing  temperature 


Hot  pressing  temperature  (°C) 


Fig.  7  Electrical  resistivity  of  Bio.5SbisTe3 
with  hot  pressing  temperature 


Fig.  8  Thermal  conductivity  of  Bio.5Sb1.5Te3 
with  hot  pressing  temperature 


Fig.  9  Lattice  thermal  conductivity  of  BiosSbi  sTea 
with  hot  pressing  temperature 
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Hot  pressing  temperature  (°C) 

Fig.  10  Figure  of  merit  of  Bio.5Sb1.5Te3  with  hot 
pressing  temperature 


^  ui  EH  xTi  3  ry 

Processing  time  for  the  complete  formation  of 
(Bii-xSbx)2Te3  by  mechanical  alloying  was  increased 
with  increasing  Sb  content,  and  was  inversely 
proportional  to  the  ball  to  powder  weight  ratio.  BbTes 
and  Bio.5Sb1.5Te3  could  be  formed  by  mechanical 
alloying  at  ball  to  powder  weight  ratio  of  10  :  1  for  10 
minutes  and  1  hour,  respectively. 

Lattice  parameters  of  BbTes  fabricated  by 
mechanical  alloying,  a  =  0.4387  nm  and  c  =  3.0481 
nm,  were  not  changed  with  ball  to  powder  weight 
ratio  and  nulling  time. 

After  cold  pressing,  Seebeck  coefficient  of  about 
150  iN/K  was  obtained  for  both  mechanically  alloyed 
and  conventionally  ground  Bio.5Sb1.5Te3  powders. 
After  hot  pressing,  Seebeck  coefficient  of 
Bio.5Sb1.5Te3  prepared  with  mechanically  alloyed 
powders  are  higher  than  values  of  Bio.5Sb1.5Te3 
fabricated  with  ground  powders,  due  to  the  enhanced 
reduction  of  anti -structure  defects  in  mechanical 
alloyed  powders. 

Figure  of  merit  of  Bio.5Sb1.5Te3,  processed  with 
mechanically  alloyed  powders,  was  increased  with 


increasing  hot  pressing  temperature  and  was  2.4  x 
10  Vk  when  hot  pressed  at  575  "C  for  30  minutes. 

As  carrier  concentration  seems  to  be  low  in 
mechanically  alloyed  and  hot  pressed  Bio.5Sb1.5Te3 
alloys,  it  is  necessary  to  optimize  carrier 
concentration  by  adding  acceptor  impurities  to 
increase  figure  of  merit. 
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ORIENTATIONAL  DISTRIBUTION  IN  HOT  PRESSED  N-TYPE  BhTes 

K.  FukudaL  H.  Imaizumi^,  T.  Ishii*,  F.  Toyoda^,  M.  Yamanashi^  and  Y.  Kibayashi^ 
^Research  Center,  KOMATSU  Lld.JHiratsuka  254,  .lapan 
^Komatsu  Electronics  Inc.,  Hiratsuka  254,  Japan 

Two  dimensional  orientation  distribution  functions  of  n-type  hot  pressed 
(Bi2Te3)()9()(Bi2Se3)(,  11)  were  determined  by  X-ray  diffraction.  Based  on  the  model  for 
conductivity  in  uniaxial  crystal  and  the  orientation  distribution  function,  the  anisotropy  of 
resistivty  was  calculated  for  three  samples.  The  figures  of  merit  of  hot-pressed  samples 
were  succesfully  estimated. 


Introduction 

Bi2Te3  thermoelectric  semiconductors  show  the  highest 
figure  of  merit  (Z)  near  room  temperature.  Then  they  are  used  as 
elements  of  the  thermoelectric  coolers.  The  Bi2Te3  alloys  were 
extensively  studied.  It  is  well  known  that  the  Sb2Te3-Bi2Te3 
and  the  Bi2Te3-Bi2Se3  alloys  are  adequate  as  p-type  and  n-type 
materials  respectively  [1][2].  Their  crystal  structures  are 
hexagonal  (or  rhombohedral)  for  all  composition  [3].  The  lattice 
constants  of  Bi2Te3  are  a=4.3835,  c=30.487A  at  room 
temperature  [4].  The  crystal  is  composed  of  layers  of  atoms 
along  the  c-axis  in  a  sequence:  -Te(l  )-Bi-Te(2)-Bi-Te(  1)-Te(  1)-. 
Drabble  and  Goodman  [5]  have  proposed  a  model  for  the 
binding  in  Bi2Te3,  covalent  for  the  Te(2)-Bi  bond,  mixed 
covalent  and  ionic  for  the  Te(l)-Bi  bond  and  weak  van  der 
Waal's  for  the  Te(l)-Te(l)  (intermolecular  band).  Therefore, 
these  compounds  are  cleaved  perpendicular  to  the  c-axis. 

These  single  crystals  show  uniaxial  anisotropy  of  thennal 
and  electric  properties  [6][7].  The  electrical  and  thermal 
conductivity  in  the  direction  perpendicular  to  the  c-axis  ( 
parallel  to  the  a-axis)  are  larger  than  that  in  the  direction  parallel 
to  the  c-axis.  The  Seebeck  coefficient  shows  only  slight 
difference  in  anisotropy  [8].  Then  the  figure  of  merit  in  the 
plane  perpendicular  to  the  c-axis  (Za)  is  higher  than  that  in  the 
parallel  c-axis  (Zc).  This  difference  is  relatively  small  for  p-type 
materials  but  the  figure  of  merit  Za  is  about  twice  as  large  as 
Zc  in  n-type  alloys  [91  .  Traditionally,  Bi2Te3  and  it's  alloys  for 
the  thermoelectric  coolers  are  produced  by  the  zone  melt  method 
or  Bridgeman  method  [10].  Using  these  methods,  crystals  are 
grown  along  the  direction  of  the  a-axis  for  which  direction 
shows  the  highest  Z  (=Za).  The  elements  of  thermoelectric 
coolers  are  cut  in  the  direction  of  the  current  loading  is  along 
the  growth  direction  to  obtain  the  highest  Z  value.  However, 
these  melt  grown  materials  tend  to  crack  along  their  cleavage 
plane  after  being  diced.  For  this  reason  sintered  material  has 
been  smdied. 

Sintered  Bi2Te3  and  it's  alloys  also  show  anisotropy 
[11][12][13][14][15].  The  resistivity  in  the  pressed  direction  is 
greater  than  that  in  perpendicular  to  that  direction.  The  powder's 
shape  of  Bi2Te3  and  it's  alloys  are  flaky  because  of  their 
cleavage  property.  When  the  powder  is  pressed,  its  slips  along 
the  cleavage  planes.  Then  each  powder's  c-axis  tends  to  alligns 
to  the  pressed  direction.  Thus,  the  Z  values  of  sintered  materials 
depend  on  the  distribution  of  powder  orientation[16]. 

In  this  work,  we  estimated  the  orientational  distribution  in 
a  hot  pressed  (Bi2Te3)o  9()(Bi2Se3)() jo  by  X-Ray  diffraction. 
Based  on  the  two  dimensional  distribution  function,  we 


calculated  the  anisotroic  thermoelectric  properties  and  compared 
them  with  observed  ones. 


Model 

At  first,  we  consider  electric  and  thermal  conductivities  in 
the  direction  with  the  angle  0  to  the  a-axis,  in  a  uniaxial  crystal 
like  Bi2Te3[17].  There  are  two  cases  to  measure  electrical  and 
thennal  conductivities.  In  the  first  case,  the  electrical  and 
thermal  cunent  density  vectors  are  parallel  to  the  axis  of  the 
sample  and  the  electrical  and  thermal  conductivities  are 
measured  parallel  to  the  these  vectors  .  This  case  as  shown  in 
Fig.  1  would  be  realized  in  a  long  rod  sample. 


Fig.  !  Cunent  density  in  a  long  rod.  It  makes  the 
angle  6  with  the  a-axis  of  crystal 


Fig.l  illustrates  the  electric  cunent  density  vectors  with  the 
angle  9  to  the  a-axis.  Tlie  electric  current  vector  J  is  given  by 

J=(Jcos0,  Jsinf?),  (1) 

where  J  is  the  magnitude  of  the  electric  current  density  vector. 
The  electric  resistivity  tensor  is  given  by 


where  pa  is  the  electric  resistivity  parallel  to  the  a-axis  and  p  c 
is  the  resistivity  parallel  to  the  c-axis.  The  electric  field  vector 
E  and  electric  resistivity  p(9)  with  the  angle  0  to  the  a-axis  are 
given  by 

E  =  pj  (3) 


and 
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piO)  =J-E/J^.  (4) 

Then  we  obtain  p(d)  as  follows; 

p(d)  =p  nCos-Q+p  csm~Q  (5) 

and  the  electrical  conductivity  is  defined  by 

0(0)  =\/p(e)  .  (6) 

The  thermal  conductivity  is  obtained  similarly. 

In  the  second  case,  the  electrical  and  thermal  gradient  vectors 
are  parallel  to  the  axis  in  the  sample.  The  electrical  and  thermal 
conductivities  are  measured  parallel  to  the  these  vectors  .  This 
case  is  shown  in  Fig.  2,  and  would  be  realized  as  a  thin  disk 
sample. 


Electric  load 


Fig.  2  Current  density  in  a  thin  disk  sample 

When  the  electric  field  vector  creates  the  angle  0  to  the  a-axis, 
the  electric  current  vector  E  is  given  by 

E=(Ecose,  Esin0).  (7) 


Using  E  and  the  electric  conductivity  tensor  o  given  by 


o  = 


Oa 

0 


(8) 


we  obtained  the  electric  conductivity  as  follows; 

crffi;  =(TaCos-0+<Tcsin-6.  (9) 


In  the  present  study,  we  prepared  near  the  rod  shape  sample,  so 
that  we  adopt  the  first  case.  There  is  sufficiently  a  large 
difference  between  two  cases,  when  0  is  nearit/T  [17].  In  the 
rod  shape  sample  model  the  normalized  electric  resistivity  p  (0) 
and  thermal  resistivity  r  (0 )  are  given  respectively  by 

P  (0  )/p  a=cos20  +p  Jp  asin^O  (10) 

and 

r  (6)/ra=POS-6+rc/raSin-0  (11) 

where  rc  is  thermal  resistivity  parallel  to  the  c  axis  and  ra  is 
resistivity  parallel  to  the  a-axis. 

In  sintering  materials,  the  crystal  grains  orient  with  the 
orientation  distribution  function  including  random  distribution 
(constant).  The  two  dimensional  orientation  distribution 
function  ©(0)  is  defined  by  how  many  crystal  grains  are 
oriented  to  the  direction  with  angle  0  which  is  made  by  their 
cleavage  plane  in  the  hot  pressed  ingot  and  the  plane 
perpendicular  to  the  pressed  direction.  If  the  electric  current  is 
loaded  in  the  direction  perpendicular  to  the  press  direction,  the 


normalized  electric  resistivity  of  the  0-orienting  grain  is  shown 
as  Eq.  10.  The  electric  resistance  in  a  hot  pressed  material  is 
regarded  as  a  series  of  each  grain's  resistance,  which  are  defined 
in  each  orientation  angle  0  .  Then  using  the  orientation 
distribution  function  ©(0)  which  is  defined  the  probability  of 
the  existence  of  the  0-oriented  grain  and  considering  symmetry, 
the  electric  resistivity  in  the  direction  perpendicular  to  the 
pressed  direction  is  normalized  by  pa  and  given  as 

PM  p(e)cjo{eyie 

r 

:-|J  "(cos’  9  +  Pc  I pasm'-  6)a>(Q)d9 

and  the  normalized  electric  resistance  in  the  direction  parallel 
to  the  pressed  direction  pc  is  given  as 

pc  /  p<3  =  I"  p( 0) ©( ;r  /  2  -  0)d0 

Ir  ,  , 

=  1^'  (pc  /  pc  cos’  0  +  sin'  9)a){9)d6 

where  ©(0)  is  normalized  for  integration  from  0  to  7C/2; 

i  =  |f©(0)d0  .  (14) 

Notation  A  indicates  the  direction  perpendicular  to  the  pressed 
direction  and  notation  C  indicates  the  direction  parallel  to  the 
pressed  direction.  With  thermal  resistivity,  we  can  obtain  this 
by  changing  a  suffix  from  "p  "  to  "r". 

Experimental 
Sample  preparation 

High  purity  components  with  grade  of  99.999%  were 
weighed  with  the  ratio  of  stoichiometry  of 
(Bi2Te3)()  9()(Bi2Se3)o  10  and  encapsulated  in  an  evacuated  Pyrex 
tube  with  0.3  atom  argon  gas.  Before  encapsulating,  HgCU  was 
added  .The  component  elements  and  dopant  in  the  Pyrex  tube 
were  heated  to  above  the  melting  point.  The  melt  in  the  tube 
was  stirred  sufficiently,  rocking  the  furnace.  By  the  vertical 
Briggeman  method,  the  melt  was  solidified  to  the  direction  of 
thermal  gradient.  Using  that  method,  the  polycrystal's  c-plane  is 
almost  oriented  to  the  direction  of  thermal  gradient.  The 
solidified  ingot  was  grounded  into  a  powder  in  a  ceramic  mortar 
and  pestle  into  the  grain  size  between  200  and  400  mesh  (74 
micron  and  37  micron).  This  powder  was  annealed  at  620K  for 
10  hours  in  reducing  atmosphere  of  hydrogen  gas.  Hot  pressing 
was  accomplished  at  approximately  770K  under  the  pressure  of 
400Kg/cm2  argon  atmosphere.  The  size  of  ingot  size  was  40  x 
40  X  20mm. 

I  Press  direction 


f 
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X-rav  Measuremenr 

As  for  X-ray  measurements,  we  referred  to  Ohsugi  et.al[  13], 
Test  pieces  were  cut  from  hot  pressed  ingots  with  tilting  angle 
0  as  shown  Fig.  3.  Ohsugi  cut  the  test  piece  tilting  by  40 
degrees,  but  we  cut  the  test  pieces  with  a  dozen  tilting  angle 
from  0  to  90  degrees.  The  size  of  test  piece  size  was  25  x  7.5  x 
1  mm.  Each  test  piece  was  set  in  the  X-ray  diffractometer  holder 
(  CuKa  radiation,  50KV  and  150mA).  Fig.  4  and  5  shows 
XRD  patterns  of  the  hot  pressed  sample  cut  with  tilted  0  degree 
and  90  degrees  (perpendicular  press  direction  and  parallel  press 
direction)  at  room  temperature.  Reflections  such  as  (0,0,3), 
(0,0,6)  and  (0,0,15)  were  observed  in  the  0-degree  sample  very 
well,  but  their  intensities  became  very  weak  in  the  90-degree 
sample.  This  means  that  c-axis  of  the  grain  in  the  hot  pressed 
ingot  oriented  to  the  pressed  direction  more  than  perpendicular 
press  direction.  But  reflections  of  the  c-planes  could  be  observed 
even  in  the  90-degree  sample. 


Fig.  5  XRD  pattern  of  the  hot  pressed  sample  tilted  90  degree 

We  measured  integral  intensities  of  the  Bragg  reflection 
(0,0,6)  of  several  pieces  tilted  angles  from  0  to  90  degrees 
without  intensity  correction. 


Results  and  discussion 

Fig  6  is  the  results  of  corrected  normalized  integral 
intensities  of  (0,0,6)  and  (0,03)  Bragg  reflections  in  a  sample. 
Both  results  show  cleavage  planes  tend  to  orient  the 
perpendicular  to  the  pressed  direction.  There  is  not  a  significant 
difference  between  two  results.  This  means  that  integral 
intensities  are  calculated  almost  precisely.  Slight  difference  in 
high  0  intensities  between  them  is  caused  by  weak  intensities 
of  (0,0,3)  which  can't  be  sufficiently  counted  by  their 
intensities  in  the  high  0-degree  test  pieces.  Although  this 
difference  is  not  significant,  hot  press  ingot  size  was  not 
enough  to  cut  uniform  test  pieces  for  X-ray  measurement ,  so 
measurement  includes  error  related  to  the  difference  of  in  the 
orientational  distribution  in  part  of  the  ingot. 


0  (deg.) 


Fig  6  Relative  integral  intensity  of  tu,0,6)  and 
(0,0,3)  in  the  tilted  test  pieces  of  sample  B 

We  measured  the  integral  intensities  of  the  (0,0,6)  reflection 
of  the  tilting  piece  about  three  hot  press  ingot.  These  ingots 
were  made  of  the  same  melts  and  the  same  batch  of  powder,  and 
the  hot  pressed  with  the  same  condition.  But  samples  B  and  C 
were  annealed  at  670  K  and  830K  respectively,  and  both  of 
them  were  annealed  for  40hours.  Annealed  ingots  were  made 
in  order  to  measure  different  types  of  orientation  distribution 
functions. 

The  samples:  Seebeck  coefficients,  electrical  resistivities, 
anisotropies  of  resistivties  and  density  ratio  are  summarized  in 
Table  1  .  The  Seebeck  coefficient  shows  different  values  in 
each  sample.  The  Seebeck  coefficient  is  almost  isotropic,  but 
in  sample  A,  the  anisotropy  arises  slightly.  The  Seebeck 
coefficients  in  sample  A  show  the  highest  value  of  the  three 
samples.  This  means  that  the  major  carrier  density  in  sample  A 
is  the  smallest  in  the  three  samples  ,  and  thermally  excited 
minority  carriers  influenced  the  Seebeck  coefficients  slightly  at 
room  temperature  [8]. 
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Resistivity  also  shows  a  different  value.  This  difference  is 
caused  by  the  difference  in  the  carrier  density  of  each  samples 
as  shown  in  the  Seebeck  coefficients.  But  the  difference  in  the 
anisotoropies  Pc/Pa  is  not  caused  by  the  difference  in  the 
carrier  density  of  each  samples.  The  anisotoropies  of 
resistivity  depend  only  on  the  orientation  distribution 
function  in  the  hot  pressed  ingot.  This  is  because  the 
anisotoropy  of  resistivity  in  a  single  crystal  doesn't  depend 
on  the  carrier's  density  in  the  extrinsic  range  near  the  border  of 
the  intrinsic  range  [9]. 


0 

Fig.  7  Two  dimensional  orientation  functions  which 
were  obtained  by  the  X-ray  measurement 

Two  dimensional  distribution  functions  (0(0)  of  three 
samples  obtained  by  X-ray  measurement  are  shown  in  Fig. 7.. 
The  results  (plot  in  Fig.7)  can't  be  fitted  to  adequate  function 
like  a  Gaussian  function  [12]  [18],  Therefore,  we  fit  them  in 
polynomial  functions  and  regard  the  functions  as  0(0)  (line 
in  Fig.  7). We  assume  that  the  ratio  of  anisotropy  of  electric 
resistivity  pc/pa  in  the  single  crystal  is  4  [9][17].  and  then 
calculate  the  normalized  resistivities  of  both  direction  using 
Eq.l2,  13  and  the  obtained  (0(6).  The  anisotropy  of  electric 
resistivity  Pa/Pc ’d  each  hot  pressed  sample  is  then  obtained. 
The  calculated  results  and  measured  results  are  shown  in  Table 
2.  The  calculated  results  are  good  agreement  with  the 
observed  ones.  We  could  not  confirm  that  sample  B  is  more 
oriented  than  sample  A  by  annealing.  But  it  is  sure  that 
sample  C  was  re-crystallized . 


Table  2.  Anisotoropies  of  resistivity 


Sample 

Calculation 

Measurement 

A 

1.59 

1.70 

B 

1.85 

1.85 

C 

1.22 

1.15 

By  assuming  that  the  anisotropy  of  thermal  resistivity 
rc/ra  in  the  single  crystal  is  2  [9]  [17]  ,we  can  calculate  the 
normalized  thermal  conductivity  of  all  samples  in  order  to 
estimate  the  figure  of  merit  ZA  along  the  A-direction  of  the 
hot  pressed  sample.  The  figure  of  merit  Z  is  proportional  to 
the  ratio  of  r/p  (=  (T/k)  ,  if  the  Seebeck  coefficient  is  constant. 


Then  the  ratio  of  the  normalized  electrical  resistivity  pA/pa 
and  thermal  resistivity  rA/ra  give  ZA/Za  as  shown  in  Table  3. 
The  calculated  result  of  a  perfectly  random  sample  is  also 
shown  and  this  doesn't  have  the  same  result  as  obtained  by 
using  three  dimensional  orientation  distribution  function 
[14][16][17].  Our  results  show  the  figure  of  merit  is 
remarkably  reduced  by  random  orientation  .  Even  in  sample 
B,  which  marks  the  highest  ZA/Za,  the  figure  of  merit  is 
reduced  by  29%  compared  with  the  single  crystal.  This 
discussion  may  be  not  practical.  The  phonon's  thermal 
conductivity  depends  on  the  grain  size  [19]  and  it  is  reduced 
in  a  sintered  material.  We  didn't  take  into  account  such 
effects  in  this  discussion.  But  in  the  first  approximation  it 
could  be  stated  that  an  orientational  distribution  of  grains 
determines  the  performance  of  a  sintered  material. 


Table  3  Calculation  results  of  normalized  Z-value 


Sample 

pA/pa 

rA/ra 

ZA/Za” 

A 

1.93 

1.31 

0.67 

B 

1.75 

1.25 

0.71 

C 

2.25 

1.41 

0.62 

Random 

2.50 

2.50 

0.60 

Finally,  we  assume  that  the  two  dimensional  orientation 
distribution  function  is  Gaussian.  (o(0)  is  given  by 

(O(0)=N  expl-e^Vd^)  (15) 

where  N  is  the  normalization  factor  and  d  is  the  distribution 
width.  Fig.8  shows  the  distribution  of  sample  B.  The  d- 
value  of  sample  B  is  between  40  and  50  degrees.  This  results 
is  almost  the  same  in  Ohsugi's  work  [13] . 


0 

Fig.8  The  Gaussian  oriented  distribution  functions  and  d 
is  the  standard  deviation. 

We  also  calculated  ZA/Za  for  these  Gaussian  orientation 
distribution  functions  (Fig.  10).  The  narrow  distribution  width 
gives  a  high  Z.  And  this  result  shows  us  how  much  we 
must  improve  the  orientation  to  get  a  high  Z.  We  believe 
that  it  can  improve  to  d=30  degrees. 
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Fig.  9  The  relation  ship  between  the  standard  deviation 
d  and  the  figure  of  merit  Z  in  sintered  Bi^Tes 

Conclusion 

Based  on  the  two  dimensional  orientation  distribution 
function,  the  calculated  results  of  the  anisotropy  in  the  hot 
pressed  (Bi2Te3)o,9o(Bi2Se3)o.io  alloy  showed  good  agreement 
with  the  experimental  results.  In  the  first  approximation,  the 
orientation  distribution  determines  the  performance  of  the 
sintered  materials.  In  our  sample  we  discussed  that  the  figure 
of  merit  decreased  about  30%  compared  with  those  of  the 
single  crystal.  Considering  the  relationship  between  Z  and  the 
distribution  width,  it  seems  to  be  possible  to  improve  Z  by 
10%  . 
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Three  kinds  of  thermoelectric  elements  of  hamburger-type 
are  devised.  Using  the ’single-burger ’element,  a  new-type 
thermoelectric  module  is  designed.  The  module  is  assembled 
by  screwing  the  elements  with  metal  segments.  Using  the  8 
modules,  a  laminated-type  subunit  for  the  thermo-electric 


generator  is  manufactured  as 

INTRODUCTION 

Studies  on  thermoelectric  materials  and 
generator/cooler  systems  have  been  carried 
out  by  .many  investigators  from  old  times 
[l]-[3].  However,  the  fundamental 
structure  of  thermoelectric  modules  has 
scarcely  been  changed  since  Ioffe’s  work 
in  1950,  and  most  studies  are  based  on  the 
conventional  modules.  The  present  work 
deals  with  the  development  of  a  new-type 
module.  A  role  of  the  present  work  may  be 
located  in  the  field  of  technical 
research  on  the  structure  of  module  ,  as 
illustrated  in  Fig.  1. 

Previously,  we  have  pointed  out  that  the 
conventional  modules,  composed  of  many 
thermocouples  with  k  -type  structure,  have 
a  serious  defect  with  respect  to  thermal 


trial. 


shear  stress  [4, 5].  If  this  defect  can  be 
removed,  the  iifetime  of  the  modules  will 
be  much  more  prolonged,  so  that  the  demand 
of  the  thermoelectric  modules  will  be 
increased  remarkably.  And  we  have  proposed 
two  kinds  of  thermoelectric  generators  of 
laminated  type  which  can  well  bear  the 

thermal  shear  stress,  although  these 
generators  have  not  yet  been  completed. 
Recently,  we  have  designed  three  kinds  of 
thermoelectric  hamburger-type  elements  of 
the  generator/cooler,  which  are  named  the 
'  single-burger'  "  double-burger ’ and  '  twin- 
burger  '  [8].  A  new-type  module  composed  of 
the  'single-burger'  elements  is  reported 
in  the  present  paper  together  with  a 

subunit  of  the  generator  using  this 
module.  The  'double-burger'  and  'twin- 
burger'  elements  can  be  applied  in  the 

fundamental  design  of  the  thermoelectric 
modules  for  the  following  purposes: 
the  ■  double-burger'  may  be  used  for 
increasing  the  efficiency  of 

thermoelectric  conversion  covering  a  wide 
temperature  range,  and  the  'twin-burger' 
elements  for  producing  the  modules  of 
small  size. 

THERMOELECTRIC  MATERIALS 

We  use  the  single  crystal-like  materials 
for  the  'single-burger'  elements.  The 
ingot  with  the  large  columnar  grains  of 
Bii.  gSbo.  2Te2.  as  Seo.  is  +0.  09  wt%  HgBr2 
(p-type)  or  Bio.  sSbi.  sTeg.  as  Seo.  is  +  1.75 
wt%  Se  (n-type)  was  prepared  by  the 

Bridgman  method  using  a  crucible  of 
special  type  reported  previously  [4].  The 
size  of  the  ingot  is  about  1  cm  in 


FIGURE  1.  Role  of  the  present  work  in 
the  research  on  thermoelectricity. 
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diameter  and  10  cm  in  len^h.  The  samples 
for  chemical  analysis  were  collected  from 
upper  and  middle  parts  of  the  ingots  of  p- 
and  n-type.  The  results  of  chemical 
analysis  are  shown  in  Table  1  together 
with  the  nominal  concentration.  The 
concentration  of  the  upper  part  shows 
remarkable  deviation  from  the  nominal 
concentration.  So,  the  upper  and  lower 
parts  (1  cm  in  length)  of  the  ingots  were 
not  used.  From  the  middle  part  of  9  ingots 
of  p-  and  n-type,  200  disks  of  0.  2  cm  in 
thickness  were  obtained.  The  plane  of  the 
disk  is  nearly  perpendicular  to  the 
cleavage  plane  (c-plane).  Also  from  the 
middle  part  of  the  ingots  of  p-  and 
n-type,  small  single  crystal  specimens  for 


the  measurement  of  thermoelectric 
properties  were  cut  out.  The  specimens  are 
rectangular  bars  with  planes  perpendicular 
and  parallel  to  the  cleavage  plane.  The 
size  of  the  specimens  is  listed  in  Table  2 
together  with  the  form  factor  A  ( 
thickness  L  /  cross  sectional  area  S  )  for 
the  two  modes  of  the  measurement 
(  perpendicular  1!  and  parallel  J_  to  the 
cleavage  plane  ).  The  thermoelectric 
properties  were  measured  by  a  simple 
Peltier  technique  [5]  based  on  the  Harman 
method  [6,7].  Only  the  final  results  are 
shown  in  Table  3  ;  the  details  will  be 
reported  elsewhere. 


TABLE  1.  Nominal  concentration  and  chemical  analysis  of  specimens 


Elements 


Specimens 


Bi 


Sb 


Te 


Se 


Bio.  sSbi.  gTcz.  roSgo,  n.'i 
I  0.75  wt%  Se  (p-type) 


Nominal  concentration  (wt%) 


15.50 


27.09 


63.94 


3.48 


Chemical 
analysis  (wt%) 


upper  part 
middle  part 


13.27 

14.88 


19.14 

28.88 


64.45  j  3.14 
52.53  3.71 


Bii,  fiSbo  27*^2.  e.'iBen.  05 
-I-  0.09  wt%  HgBrj  fn.type) 


Nominal  concentration  (wt%)  I  48.43 


3.14 


46.81 


1.53 


Chemical 
analysis  (wt%) 


upper  i)art 
middle  part 


48.58 

48.88 


1.85 

3.07 


48.63  0.95  I  Non 

45.98  I  2.06  j  Non 


TABLE  2.  Size  of  rectangular  specimens  and  form  factors 
A  (=  L/S)  (L:  length,  S;  cross  sectional  area). 

±  :  perpendicular  to  the  e  axis;  ||  :  parallel  to  the  c  axis. 


Specimen 

Size 

cm 

Mode 

L 

cm 

S 

cm^ 

^  i 

cm“  * 

Bio,  r.Sbj  BTe2.  RsSeo.  05 
-h  0.75  wt%  Se  (p-type) 

0.5428  X  0.5118 

X  0.2271 

i 

1 

0.2271 

0.5428 

0.2778 

0.1162 

0.817  1 

4.671 

Bii.  flSbo.  2T62.  ssSeo.  05 
i  0.09  wt%  HgBr2  (n-type) 

0.5444  X  0.2273 

X  5154 

i 

1 

0.5154 

0.5444 

0.1237 

0.1172 

4.167 

4.645 

TABLE  3  Thermoelectric  properties  of  single  crystals  of 
(Bi, Sb) 2 (Te, Se) 3  compounds  of  p-  and  n-type. 


Specimens 

Mode 

pXlO^ 

a 

0 

X 

g  XIO^* 

Qcm 

gVK"* 

Wcm~‘K-‘ 

K-‘ 

Bio.  sSbi_  5Te2.  bsSbo.  05 

i 

1.34 

233 

1.29 

3.14 

+  0.75  wt%  Se  (p-type) 

1 

8.30 

236 

0.36 

1.86 

Bii.  flSbo.  2^62.  85Seo.  05 

i 

0.91 

-241 

2.00 

3.19 

+  0.09  wt%  HgBr2  (n-type) 

1 

3.38 

-194 

1.29 

0.86 
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SINGLE-BURGER  ELEMEN'IS  AND  MODULE 

Fig. 2(a)  shows  the  ' single-hurger 
element,  in  which  a  disk  ol'  thermo¬ 

electric  materials  is  sandwiched  between 
two  copper  blocks  having  screw  holes  at 
the  center.  The  element  disk  is  soldered 
with  the  copper  blocks.  Fig.  2(b)  shows  the 
connection  of  the  'single-burger'  elements 
and  metal  segments  using  screws.  The  p- 
and  n-type  elements  were  connected 
alternately.  Fig.  2(c)  shows  a  new-type 
module  for  thermoelectric  generator  of 
laminated  type,  which  is  composed  of  25 
'single-burger'  elements  of  p-  and  n-type. 


Element-material  Metal  screw  CCu) 


FIGURE  2.  (a)  '  Single-burger  "  element 

(thermoelectric  disk  sandwiched 

between  two  copper  blocks  with  screw 
holes  at  the  center),  (b)  Connection  of 
the  single-burger  elements  using 
screws,  (c)  Cross  section  of  a  module 
composed  of  the  25  single-burger 
elements. 

Fig. 3  shows  a  photograph  of  the  new-type 
module  using  the  'single-burger'  elements. 
The  elements  are  connected  electrically  in 
series  and  thermally  in  parallel.  Although 
this  module  has  the  7t  -structure  similar 
to  the  conventional  modules,  the 

connection  method  is  different;  the  use  of 
screws  in  the  present  module  enables  us  to 
connect  the  elements  quite  easily. 

The  'single-burger'  elements  are  screwed 
with  the  metal  segments  and  the  metal 
segments  can  be  screwed  with  the  heat 
transfer  plates.  In  order  to  reduce  the 
contact  resistance,  InGa-paste  is  spread 
between  the  'single-burger'  elements  and 
the  metal  segments.  Electric  current  flows 
across  two  terminal  screws  in  the  module. 
These  screws  are  metallic  and  named  the 
electrode  screws.  Other  screws  are  made 


FIGURE  3.  A  photograph  of  single- 
burger  element  and  new-t5q3e  module 
composed  of  the  element. 


from  acrylic  resin  in  order  to  make 
electric  insulation  between  the  heat 
transfer  plate  and  the  metal  segment.  The 
element  disks  may  be  cleaved  along  the 
c-plane  which  is  perpendicular  to  the  disk 
plane.  Even  if  the  element  disks  are 
cleaved,  however,  the  cleavage  does  not 
give  a  fatal  failure  for  the  thermo¬ 
electric  properties  of  the  modules, 
because  the  electric  current  is  not 
disturbed  by  this  cleavage.  It  should  be 
also  mentioned  that  the  destroyed  elements 
can  easily  be  replaced  because  of  the 
connection  with  the  screws.  And  also,  the 
assembly  of  the  present  modules  is  much 
easier  than  that  of  the  conventional 
modules.  This  may  be  especially  important 
for  the  mass  production  of  thermoelectric 
generators /coolers. 

LAMINATED-TYPE  SUBUNIT  OF  THERMOELECTRIC 
GENERATOR 

Fig.  4  shows  a  laminated- type  subunit  of 
the  thermoelectric  generator,  assembled  by 
the  8  modules  and  16  hot/cold  heat 
transfer  tubes.  The  design  of  this  subunit 
is  similar  to  that  of  the  subunit  using 
composite  elements  reported  previously 
[4].  The  hot/cold  heat  transfer  tubes  are 
connected  in  parallel  through  vinyl  pipes 
to  main  pipes  for  hot/cold  water  flow.  The 
heat  transfer  tubes  and  the  modules  are 
sandwiched  between  two  electrode  plates 
and  pressed  uniformly  using  screws. 
InGa-paste  is  spread  for  keeping  electric 
and  thermal  connections  between  the  heat 
transfer  tubes  and  the  heat  transfer 
plates.  The  modules  are  connected 
electrically  to  the  heat  transfer  tubes 
through  the  electrode  screws. 
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Fig.  4  A  subunit  of  thermoelectric  generator  composed  of  the  8  modules. 


CHARACTERISTICS  OF  SUBUNIT 

When  a  load  with  resistance  Rl  is 
connected  with  the  subunit  with  resistance 
Rteg  .  we  obtained  the  current  I,  the 
potential  drop  El  and  the  power  P  consumed 
in  the  load  as  a  function  of  the 
resistance  ratio  m  (  =  Rl  /  Rtec  ).  It  is 
well  known  that  R  (=  El  I)  is  maximum  at  m 
=  1.  The  electromotive  force  in  the 

circuit  is  expressed  as  na  A  0  teg,  where 
n  is  the  nxamber  of  thermoelectric  elements 
in  the  subunit,  a  the  Seebeck  coefficient 
of  element  materials  and  A  0  teg  the 
temperature  difference  between  hot  and 
cold  ends  of  the  elements.  The  resistance 
Rteg  is  given  by  np  L/ S,  where  p  is  the 
resistivity  of  the  element  materials,  L 
the  length  and  S  the  cross  sectional  area 
of  the  elements,  provided  that  the 
resistance  of  copper  blocks,  metal 
segments  etc  and  all  the  contact 
resistance  can  be  ignored.  In  the  present 
subxinit,  n  =  200,  L  =0.  250  cm  and  S  = 

0.785  cm^  (1  cm  in  diameter):  a  and  p 
are  assumed  to  be  given  by  average  values 
for  p-  and  n-type  elements  with  the  _L 
mode  listed  in  Table  3,  i.  e.  a  =  237 

liV/K  and  p  =  l.',13  X  10"^  Q  cm.  Fig.  5 
shows  calculated  values  of  p  and  El  vs.  m 
for  A  0  teg  =  10,  30,  50  and  70  K.  As  can 

be  seen  from  the  figure,  the  maximum  power 
atA0THG  =  5OK  amounts  to  19.  6  W  with  I 
=  16.  5  A  and  El  =  1.  19  V. 

It  is  inevitable  that  the  value  of 
A  0  TEG  is  smaller  than  the  temperature 
difference  A  0  (=0  u-d  c)  between  hot  and 
cold  water  flows  because  of  thermal 
resistance  in  the  subunit.  In  order  to 


m 


FIGURE  5.  Calculated  curves  for  the 
electric  power  P  and  load  potential  El 
vs.  the  resistance  ratio  m  with 
temperature  differences  A  0  teg  =  10, 

30,  50,  70  K  for  the  subunit  of 
thermoelectric  generator. 

research  this  effect  we  measured  the 
temperature  distribution  in  the  module;  an 
example  of  the  results  is  shown  in  Fig. G. 
When  the  temperatures  of  hot  and  cold 
water  flows  were  56°C  and  2V,  , 
respectively,  the  experimental  values  of 
A  0  teg  amounted  to  only  17  K,  which  was 
less  than  half  of  A  0  .  For  making  a 
further  improvement  of  the  thermal 
conduction  to  obtain  a  larger  value  of 
A  0  TEG,  we  must  develop  a  new-tjnpe  of 
heat  transfer  structure,  such  as  the  heat 
transfer  tube  with  inside  fin. 
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Single-burger  element 


FIGURE  6.  An  example  of  temperature 
distribution  in  the  thermoelectric 
module. 


SUMMARY 

We  could  solve  the  problem  of  thermal 
shear  stress  in  thermoelectric  elements  by 
using  the  new-type  module  composed  of  the 
'single-burger'  elements,  which  are  easily 
assembled  by  screwing. 

A  subunit  of  thermoelectric  generator 
composed  of  the  8  modules  is  expected  to 
generate  the  maximum  electric  power  of 
19.  6  W  with  the  current  of  16.  5  A  and  the 
voltage  of  1.  19  V  at  the  temperature 
difference  of  50  K. 

Finally  the  present  authors  wish  to 
thank  Mr.  A.  Mori  in  R  &  D  Division,  Tokin 
Co. ,  for  assistance  of  experiments,  and  to 
Mr.  T.  Yoshida  in  Tohoku  Mechanical 
Engineering  Co.  ,  for  manufacturing  the 
thermoelectric  modules  and  the  subunit  as 
a  trial. 
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For  the  enhanced  performance  of  thin  fihn  miniature  modules  of  (Bi,Sb)2 
(Te,Sc)3-based  thermoelectrics,  the  variations  in  thickness  and  number  of 
p/n  couple  of  the  modules  were  investigated.  An  attempt  for  the  preparation 
of  thick  film  modules  was  also  carried  out  by  employing  thermal  spray 
technique  with  the  subsequent  evaporation  and  annealing  treatment. 


1.  INTRODUCTION 

Tliere  have  been  various  investigations!  1  ~8]  for  the  preparation 
and  chaiacterization  of  thin  film  thermoelectric  modules  of  Bi-Sb-Te-Se 
system,  in  light  of  effective  application  to  the  cooling  as  well  as  the 
temperature  sensing  of  localized  small  area.  Increase  in  the  number  of 
p/n  couple  is  expected  to  be  necessary  for  the  enhanced  function  of 
the  thin  film  modules.  This,  however,  causes  the  decrease  of  cross 
sectional  area  of  each  p-  and  n-legs  because  of  the  limited  total  area  of 
module.  As  a  consequence,  high  current  density  for  effective  cooling  is 
inevitably  accompanied  by  the  unwanted  side  effect  such  as  Joule 
heating.  One  solution  to  those  problems  is  thought  to  make  the  film 
thicker  without  any  significant  changes  in  design  variables  of  the 
modules. 

In  the  present  studies  therefore  the  effect  of  film  thickness  and 
number  of  p/n  couples  on  the  thermoelectric  cooling  performance  were 
iuN'estigated.  Tliin  film  modules  were  fabricated  by  flash  evaporation 
technique  described  elsewhcre[l,  2,  9  —  14],  P-  and  n-type  materials 
used  were  Bio.sSbi  sTe.?  and  Bi2Tcj,4Sco.(s  respectively.  The  thickness 
varied  from  2  pm  up  to  8  pm,  and  the  number  of  p/n  couples  of  the 
module  ranged  from  1  couple  to  20  couples. 

A  rather  unusual  processing  method  for  the  preparation  of  thick 
film  modules  was  attempted  with  the  expectation  of  an  easy  thickening 
by  adopting  thermal  spray  coating  together  with  subsequent  selective 
evaporation  and  annealing.  Developments  in  microstrucPires  and  changes 
in  compositions  were  investigated  and  discussed  in  conjunction  with 
the  processing  variables. 

2.  EXPERIMENTAL 

The  starting  materials  of  proper  compositions  were  prepared  from  ■ 
elementaiy  Bi,  Sb,  Tc  and  Sc  of  99.999  %  purity  by  vacuum-melting  in 
a  quartz  tubes  held  at  1073  K  for  24  hours  with  the  assist  of  meclianical 
vibration  to  make  complete  alloying.  To  obtain  the  evaporants  for  the 
flash  evaporation  process,  the  ingot  was  crushed  into  powders  of 
250  pm  in  mean  particle  size  in  the  glove  box  of  Ar  atmosphere. 
Detailed  procedures  for  the  film  deposition  were  described  in  the 
previous  work[!,  2], 

For  the  evaluation  of  the  cooling  performance  of  the  modules, 
temperatures  of  hot  (Ti,)  and  cold  (T)  Junction  were  measured  by 
K-type  thin  (()  =  0.1  mm)  thermocouples  using  a  vacuum  jig  which 
maintained  the  hot  junction  at  301  K.  A  paste  of  high  thermal 
conductivity  (YG-611  :  Toshiba  Silicon  Co.)  was  applied  between  hot 
junction  and  heat  sink  of  copper  block  to  ensure  good  heat  conduction. 

Photo.  1  shows  shape  and  dimension  of  thin  film  modules 
containing  different  numbers  of  p/n  couples.  It  represents  that  the 
width  of  each  p-  or  n-leg  was  reduced  as  the  number  of  p/n  couples 
per  unit  area  of  module  increased.  For  example,  the  width  of  a  leg 


decreased  from  10  mm  for  one  couple  module  to  500  pm  for  module  of 
20  couples.  In  addition  to  the  variations  in  the  number  of  p/n  couples, 
film  thickness  was  prepared  to  vary  from  2  to  8  pm.  Tiiercfore,  it  was 
possible  to  investigate  the  effects  of  the  number  of  p,/n  couple  as  well 
as  film  thickness  on  the  cooling  performance  of  the  modules. 

Thermal  spray  coating  with  subsequent  treatments,  as  a  preliminary 
work  of  fast  and  easy  method  for  the  preparation  of  thick  modules, 
was  tried  in  order  to  overcome  the  limited  thickness  of  10  pm  by 
evaporation  technique.  A  commercial  type  spray  coater  (Metco  5P-II) 
designed  to  use  acetylene  and  oxygen  gases  was  utilized  for  this  purpose. 
Flow  rates  of  operating  gases  were  one  of  tlic  many  processing  variables. 
Ratio  of  flow  rates  of  oxygen  to  acetylene  was  controlled  to  vary  from 
I.O  to  1.5  by  adjusting  gas  flow  (acetylene  ;  0.55—0.72  m^/hr  and 
oxygen  :  0.55  —  1.3  m^/hr).  Finer  powders  were  found  to  be  desirable 
for  the  preparation  of  homogeneous  films,  but  coalescence  of  fine 
powders  made  the  powder  feeding  be  difficult.  Through  the  initial 
works,  the  optimal  processing  variables  were  chosen  as  follows  ; 
powder  sizes*  75  — 125  pm,  powder  feeding  rate*^  4  g/min  and 
spraying  distance=s  20  cm.  Films  of  about  300  pm  thick  were  possible 
to  prepare  under  these  conditions  by  spraying  for  about  5  minutes. 
Substrates  used  were  Coming  pyrex  glass  plates  which  were  blast- 
treated  priori  by  alumina  grits  for  5  seconds  to  give  average  surface 
roughness  of  Ra=1.75  pm  in  order  to  improve  adhesion  of  film  on 
substrate.  The  coated  film  specimen  was  cooled  by  compressed  air 
immediately  after  spraying.  Surface  morphologies  and  chemical 
compositions  of  the  thick  films  prepared  in  tliis  way  were  investigated 
by  SEM  and  EDS  respectively. 

3.  RESULTS  AND  DISCUSSION 

3.1.  Quality  of  tbin  film  modules 

Photo.  2  shows  the  magnified  view  of  p/n  junction  area  of  20  couple 
module  of  8  pm  thick.  The  width  of  each  leg  was  500  pm  and  gap 
between  legs  was  300  pm.  Dimensions  of  these  size  are  believed  to 
be  almost  minimum  possible  values  by  the  flash  evaporation  process 
utilizing  masking  plates.  P/n  junctions,  in  general,  showed  .good 
appearance  having  a  negligible  dimensional  distortion  and  surface 
roughness.  Thickness  and  its  variation  (surface  roughness)  of  legs  were 
represented  in  Figure  1.  Intcrleg  spacings  became  narrowed  as  the 
thickness  of  film  was  increased.  Surface  roughness  of  film,  Ra=5  — 10 
nm,  was  only  1  %  or  less  of  total  film  thickness.  SEM  microphotograph 
(Photo.  3)  showing  the  surface  mophologies  of  legs  before  and  after 
annealing  indicated  that  there  were  no  microcracks,  but  crystalline 
grains  were  grown  up  to  200  —300  nm  when  annealed. 

3.2.  Cooling  performance  of  thin  film  modules 

Cooling  effectiveness  (AT=Th-Tc)  of  modules  was  varied  with  (1) 


niuTiber  o(  p/ti  couples,  (2)  lllm  ihickiicas  and  (3)  current  passed  llirough 
junctions.  The  vtiriations  of  AT  with  the  number  of  p/ti  couples  tiinl  riiin 
thickness  as  a  function  of  cuiTctit  were  rcprcscntetl  in  Figure  2,  This 
figure  shows  that  AT,  in  general,  varied  to  retich  a  nia.ximuin  point 
and  then  decreased  as  the  input  cuiTcnt  increased  further.  Tliis 
is  believed  being  resulted  frotn  the  competition  between  Peltier  cooling 
and  Joule  heating  ;  i.c.  ATpoitii-r+ATjmik'.  For  the  fi.xcd  number  of 
p/n  couples,  the  thicker  tlte  film,  the  larger  was  the  mteximum  value  of 
(AT)m.,v  And  the  position  of  optimal  current  (1„,„)  for  (.AT),,,;,,  was  also 
shifted  to  higher  input  current.  On  the  other  hand,  if  the  film  thickness 
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PHOTO.  1.  Configurations  of  thermoelecti  ic  thin  film  modules, 
(a)  1  couple  (b)  5  couples  (c)  10  couples 

(d)  15  couples  (e)  20  couples 


PHOTO.  2,  Magnified  view  of  p/n  junction  area  of  8  pm-20  couple 
module. 


scanning  distance  (pim) 


FIGURE  1 .  Variations  in  film  thickness  and  surface  roughness  of  p- 
and  n-leg  for  20  couple  module. 

(a)  thickness{2  —  8//m)  (b)  n-leg 


(c)  p-leg 
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was  fixed,  the  values  of  (AT)n,ax  were  not  varied  much  with  the 
number  of  couples  except  the  lopi  which  decreased  with  number  of 
couples. 

In  order  to  figure  it  out  the  reasons  for  these  variations,  heating 
and  cooling  effects  at  junction  were  considered.  Total  absorption  rate 


PHOTO.  3.  Surface  morphologies  o1  p-  and  n-legs  as-cleposited  and 
annealed  (473  K,  1  hour). 


of  heat  (Q)  at  cold  Junction(s)  of  module  can  be  expressed  as  follows  ; 

Q  =  Qp  +  Qj  +  Qe  (1) 

=  [nl  a  T]  +  [-  p  (n])‘£/wt  ]  +  Qe 

where  Qp  is  heat  absorption  duo  to  Peltier  cooling,  Qj  is  heat  evolution 
due  to  Joule  heating  (Joule  heat  produced  through  aluminium  diffusion 
barrier  layer  was  considered  to  be  negligible),  and  Qe  is  the  extra  heat 
absorbed,  dissipated  or  evolved  due  to  the  complex  effects  such  as 
thermal  conduction  occurring  through  substrate  and  along  the  p-  and 
n-legs,  and  radiation  at  surface  of  junctions,  n  :  number  of  p/n  couples, 
a  ;  Seebeck  coefficient  of  p/n  couple,  T  :  cold  junction  temperature,  I : 
input  current,  p  :  average  electrical  resistivity  of  p/n  couple,  .2  ,  w  and 
t ;  length,  width  and  thickness  of  a  leg,  respectively. 

By  this  consideration,  the.  results  showed  in  Figure  2  could  be 
divided  into  several  individual  effects  contributed  to  the  overall  data. 
In  Figure  3,  variations  of  Qp,  Qj  and  (Qp+Qj)  were  illustrated  on  the 
theoretical  basis.  As  shown  in  Eqn.  (1),  Qp  depends  on  number  of 
couples  only,  whereas  Qj  depends  on  both  number  of  couples  and  film 
thickness.  Tiierefore,  for  fixed  number  of  couples  (see  Figure  3-a),  Qp 
increases  with  increasing  input  current,  while  Qj  is  affected  by  both 
thickness  and  current.  Consequently,  the  combined  effect  (Qp+Qj)  has  to 
increase.  So  it  is  necessary  to  thicken  the  films  in  order  to  raise  (ATjmi,,, 
for  the  case  of  fixed  number  of  couples.  The  maximum  value  of 
combined  (Qp+Qj),mx,  i.e.  (AT)max,  and  the  corresponding  current  lop, 
increases  with  film  thickness.  That  is  the  trend  what  was  in  general 
observed  as  in  Figure  2.  However,  there  are  some  discrepancy  between 
the  tendencies  of  theoretical  and  experimental  thickness  dependence  on 
(Qp+Qj),„„  or  I„pi.  The  reasons  for  the.se  can  be  analyzed  by  considering 
Qi;.  Firstly,  the  decrease  in  thiclcncss  causes  the  mcrcs.,sc  of  surface  to 
volume  ratio  (AS/AV)  of  junction,  which  helps  heat  dissipation  by 
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radiation.  This,  in  turn,  reduces  heating  effect  of  Qj.  So  (Qp+Qj)max 
will  shift  to  the  right,  that  means  increase  of  lop.  Secondly,  in  Peltier 
cooling,  Qp  has  to  be  absorbed  from  outside  through  thermoelectric  film 
at  p/n  junctions  because  p/n  junctions  were  formed  by  overlapping 
two  legs.  This  means  that  the  effectiveness  of  heat  absorption  by 
Peltier  effect  decreases  as  film  thickness  increases.  This  affects  I„p, 
being  increased.  Thirdly,  thermal  conduction  along  the  legs  due  to 
temperature  difference  between  hot  and  cold  junctions  increases  with 
film  thickness.  That  is,  the  thinner  the  film,  the  more  effective  cooling 
by  Peltier  may  obtain.  This  also  causes  shift  of  I„p,  to  high  value. 
Therefore,  Qe  term  in  Eqn.  (1)  is  becoming  important  when  the 
thickness  effect  is  considered. 

In  Figure  3-b,  an  analysis  for  the  case  of  fixed  film  thickness, 
shows  that  (Qp+Qjjmax  retains  almost  constant  value  regardless  of 
number  of  couples.  As  number  of  couples  increases  the  ratio  AS/AV 
increases,  but  its  effect  on  AT^x  and  I„p,  is  negligible  compared  with 
the  increase  in  Qp  and  Qj,  because  Qp  and  Qj  vary  with  n  and  n" 
respectively,  whereas  AS/AV  depends  on  n  by  a  fraction.  Therefore, 
variation  of  (Qp+Qjjmax  has  to  remain  almost  same  as  that  of  (AT/max 
because  Qe  becomes  negligible  in  this  case. 

From  the  data  obtained,  (AT)max  per  electrical  power  input  (Pi„) 
was  calculated  (Figure  4).  The  value  of  (ATjumx/Pin  (an  indication  of 
cooling  efficiency)  was  almost  the  same  for  the  films  of  different 
thickness,  provided  number  of  couples  was  fixed.  However,  for  a 
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FIGURE  3.  Illustration  of  separated  heat  effects. 
(All  units  are  shown  arbitrarily.) 

(a)  for  fixed  number  of  couples 

(b)  for  fixed  film  thickness 


FIGURE  4.  Variation  of  cooling  efficiencies  of  modules  with  number 
of  p/n  couples  and  film  thickness. 

given  thickness,  (AT)mM/Piii  increased  as  the  number  of  couples  was 
increased. 

3.3.  Thermahsprayed  thick  films. 

The  intended  chemical  compositions  of  p-  and  n-type  films  were 
not  able  to  obtain  by  thermal  spray  process  when  powders  of  same 
composition  were  used  (Figure  5).  The  amounts  of  Te  and  Se  of  the 
spray-coated  films  were  reduced  while  those  of  Sb  and  Bi  were 
increased  when  compared  with  compositions  of  powders.  As  raising 
oxygen/acetylene  ratio,  there  was  a  tendency  of  decrease  in  Sb  and  Bi 
contents,  but  it  was  opposite  for  the  case  of  Te  and  Se.  The  reason  for 
this  was  attributed  to  the  higher  vapor  pressures  of  Te  and  Se  than 
those  of  Bi  and  Sb. 

Photo.  4  shows  the  surface  morphology  and  cross-sections  of 
coated  films,  together  with  oxygen/acetylene  ratio.  The  lower  the 
oxygen/acctylene  ratio,  the  more  dense  the  films  obtained,  because  of 
die  different  heat  input.  But,  in  general,  the  films  showed  the  typical 
spray-coated  morphology  with  rough  and  porous  surface.  In  the  case 
of  n-type  films  there  were  partially  melted  droplets  together  with 
spread  layers.  Particularly  in  Photo.  4-e,  droplets  were  remained  like  a 
hemispherical  shape.  Quantitative  metallographic  analysis  showed  that 
as  the  ratio  of  oxygen/acetylene  varied  from  1.5  to  1.0,  the  density  of 
coated  films  was  increased  up  to  ^95%  from  92%.  However, 
chemical  analysis  showed  that  carbon  was  trapped  ^2  wt%  in  the 
coated  films  when  the  ratio  decreased  down  to  1.0. 

As  the  above  results  suggested,  it  was  not  possible  to  obtain  the 
designed  chemical  compositions  by  thermal  spray  process  alone. 
With  the  expectation  to  achieve  stoichiometric  compositions,  the  deficient 
amount  of  Te  was  carefully  added  (evaporated  =  50  /m  thick)  by 
vacuum  evaporation  and  then  the  film  was  heat-treated  at  300  °C  for 
10  hours  in  argon  atmosphere  hoping  for  sufficient  diffusion.  But  it 
was  found  that  the  diffused  depth  of  Te  into  the  sprayed  film  was  too 
small,  compared  with  the  total  film  thickness,  to  make  complete 
compound  of  stoichiometric  composition.  The  behavior  of  the  other 
components  was  almost  similar  to  that  of  Te.  As  a  consequence,  it 
was  realized  that  there  should  be  the  other  treatments  needed  to  get 
the  designed  compositions  of  p-  and  n-type  thick  films.  Perhaps, 
methods  like  zone  heating  or  directional  solidification  may  be  utilized 
as  a  possible  solution.  It  has  not  been  tried  yet,  but  one  of  those 
methods  could  be  helpful  to  prepare  thick  films,  which  are  structurally 
sound  and  compositionally  homogeneous,  when  it  is  used  as  a  second 
process  together  with  thermal  spraying. 
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FIGURE  5.  Compositional  variations  of  sprayed  films  with  oxygen/ 
acetylene  ratio  (dotted  lines  :  powder  composition,  solid  lines  :  coated 
film  composition). 


COCCLCSIONS 

For  tl'c  ihiii  liiiri  inodulcs  of  (?'i.,Sh)y'i{!.Sc).Fb;K'd  iiiormoolcclnc.-, 
labtiGitcd  li)'  ihc  flash  ev;iporatioii  icc.hoicn;!;,  Oi.  isfeob  cif  'lij-ii  thickncsr; 
and  nnmbcr  of  p/ii  couples  on  (.o..)1ing  pcrfonnance  of  mo.Uiles  were 
invcsiiyated.  'riic  mnin  rcsuh.s  obtained  in  these  .siudies  arc  as  follows  ; 

1)  P-iype  Biii.sSbi  .sTc.i  and  n-type  Bi.yrc2..t3et).f,  films  and  the  p/ii 
janctiotis  flibricated  iry  ihc  flash  cvaporatioii  showed  enifoni-i  thickness 
.and  homogeneous  sloichiomctric  coniposilion.  Pin  jiuictions  retained 
good  appearance  arid  dimensional  uniforTT.ity  even  after  aniioaiing 
(47414,  i  hour). 

2)  !nlcri(.:g  spacing  was  getting  itarrowcvl  as  the  film  thicki!cs.s 
ineraiscd  bccarrsc  cvf!porar:!.s  wcic  spreaded  Ixtwcen  tnairk  and  substrate, 
it  was  realized  that  t!ic  minimiun  potesibic  interlcg  spacing  was  about 
.490  eiri  by  thi.s  method.  For  the  preparation  of  modules  containing 
nioi'C  than  20  couples  in  the  size  of  40  x  22  mm’,  closer  arrangement 
of  disl:  nee  between  mask  and  substrate  tind  more  carefully  conlrolled 
dcpc.ntiou  will  bo  neccs.sary. 

3)  .M'axinumi  temperature  difr'ercncc  I’cneratcd.  by  module  was 
increased  with  the  film  thickness  foi'  a  given  number  of  p/n  couples, 
but  it  wa.s  not  changed  much  witli  the  iiuinbcr  of  couples  for  the  ease 
of  fixed  thick.ncss  of  film.  The  effect  of  film  thickness  and  number  of 
couples  Oil  tire  cooling  peiformarice  of  fnodu(e.s  could  be.  understood  by 
taking  account  of  complex  etfccis  on  rnardmum  temperature  difference. 
It  was  loctid  tfiat  the  consideratioii  of  extra  heat  term  was  iteportani 
lor  thin  film  modtilcs,  in  addition  so  Peltier  and  .ioulc  effects. 

4)  Maximum  temperature  difference  achieved  per  eicctricai  input 
power  was  almost  the  same  for  the  films  of  rlifferciit  thickness  when 
number  of  couples  was  fixed.  However,  it  was  increased  witlt  the 
number  of  couples  for  a  given  thickness. 

5)  Tiirougli  the  attempt  for  llic  prcpfiration  of  thick  films,  it  was  found 
that  some  complementary  process  is  required  to  solve  compositional 
atid  slTitctural  inhoinogcncity  after  thermal  .spraying. 
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Transient  thermoelectric  effect  (TTE)  and  galvariomegiietic  propeitics  have  besa  rocas«:?sd  slmg  tlks  C2  fflds 
foi"  tv/o  mixed  crystals  of  p-typs  Sb2-xhixT63  (0<x<0.4)  and  Sb2Te3-ySiSy  (0<y<l.§),  His  observed  TTE 
voltages  decay  expoaenfatslly  rvitli  characteristic  relasuation  times  xj  (i=l,2,...)  for  tfiemiai  diftiisions  of 
photoiadHCsd  Carnes's,  whose  analyses  give  canier  mobilities  aad  effective  masses.  New  'vslence  band 
contnbuting  in  the  conductivity  w'as  found  in  Sb2Te3,.ySsy  for  y>0.02. 


Siitradi2£€-®im 

Antimony  'ieOiinde  Sb2Te3  belongs  to  a  layered 
compoimd  -with  die  same  tetradymite  stmctare  as 
Bi2Te3,  in  wSiich  a  we^iis  bond  between  Sb  and  Te  layers 
exists.  It  usually  involves  aetistnjcbjrai  defects  (foe 
o-cosireHce  of  Sb  atoms  occupying  Te  lattice  positions). 
Due  to  such  native  defects,  Sb2Te3  shov/s  always  a  £- 
tyj^  conductivity  with  the  bole  (XsncentratioE  up  to  10 
cm’  .  The  uppsi'  valence  band  (IJVB)  of  Sb2Te3  cotisists 
of  six  ellipsoids  tilted  to  the  btssal  plane  [1,2]  and  foe 
lower  valence  band  (LVB)  which  is  known  to  be  a 
multivalley,  but  foe  anisotiopj'  of  this  valle>'  is  unlmov.'a. 
TTie  value  of  foe  tilt  angle  0  is  not  knowm  exactly,  but  G«a 
50  according  to  the  extrs^olation  to  x=l  in  (Bii- 
xSbx)2Te3  [2].  The  energy  separation  bstv/esn  foe  tops 
of  the  UVB  and  LVB  is  reported  to  be  of  the  order  of 
20-30  meV  because  that  for  (Bii.xSbx)2Te3  (0<x<l)  is 
about  30  meV  [2].  In  the  present  work  we  have  carried 
out  measurements  of  pulsed  laser  induced  'transient 
thermoslecfoic  effect'  (TTE)  for  Sb2-xfoxTe3  (0<x<0.4) 
amd  Sb2Te3.ySey  (0<y<1.8)  single  crystals  along  foe  C2 
axis  at  300  K.  Galvanomagnetic  properties  in  the 
temperature  range  4.2-300  K  also  have  been  measi’red. 
Our  interest  is  concerned  with  the  effect  of  In  or  Se 
substitution  on  the  electronic  properties  of  the  host 
Sb2Te3  and  to  get  valuable  information  about  changing 
of  its  energy  spectrum,  sn  particular,  the  valence  bands. 

Experinaeiate! 

Sb2-xhixTe3  and  Sb2Te3.ySey  single  crystals  v/ere 
grown  by  a  modified  Bridgman  method  from  5N  purity 
elements  [3  4].  The  resistivity  and  Halt  effect  were 
measured  by  a  potentiometric  method  with  dc  current 
along  the  C2  direction  in  magnetic  fields  up  to  7  T 


applied  dong  the  C3  a?ds  (pgrpsadicaiar  to  Siis  kyerej 
imig  a  Sijper&OBdaciisg  soisnoid.  The  expeiimeiitEl 
setup  sad  oiessising  pnadple  of  tbs  TfE  msfood  have 
bsss  des-crifesd  cailier  |3|.  In  priacipls,  s  pals'M  iaear 
(laser  power  ~350  mJ)  produced  by  a  Nd:YAG  Isser 
soiE'Ci;  with  foe  ■'vav-'-iength  of  1060  hbs  (=1.17  eV)  and 
of  8  as  was  iiTadistoti  aonnai  to  one  raid  of  a 
ciy-stal  PhotoindiKxid  TTE  voltages  were  defected  over 
the  wide  time  range  50  as  te  500  ms  by  i;  digital  storage 
oscilioscops  foroagji  a  horae-made  preamplifier,  whose 
output  signal  was  fed  to  a  computer  for  record  and 
nKmeric.al  aBslysis.  The  TfE  method  was  a|}p!ied 
recently  for  semiconductor  Bi2-x&Jxfe3  l^]- 

TTE  measiiremen'te  ivcre  made  ordy  at  300  IC, 
below  ivMch  foe  TTE  sagaals  became  too  smsM  to  be 
dstecteble. 


ExstsiiiismsEtel  rss'saflte 

A.  Tras^-sient  thermoelectric  effect 

Figure  1  shows  typical  photoinducsd  TTE  signals  along 
the  C2  dir-ection  for  Sb2-xfoxTe3  (x=0  and  0.2)  and 
S’E/rea-ySey  (y=0.2,  and  1.0)  at  T=300  K  in  the  time 
mten'als  0-20  ms,  where  foe  observed  TTE  signals  are 
avei'aged  out  by  1 5-20  times  bscauss  of  exti^mely  small 
siageitiides  compared  to  those  of  the  similar  family  of 
Bi2..xSnxTe3  ay^stals.fti].  For  foe  host  mgrterial  Sb2Te3, 
iinmediateiy  after  foe  laser  irradiation,  the  induced  TTE 
voltiigc  V(t)  decreases  drastically  witimi  50  ns  (minimum 
sam.p!ing  times  bpA  -ncresses  with  time  1  up  to  about  25 
mV  m  the  short  time  range  0-20  ms.  Similar  Tl'E 
profiles  are  also  observed  for  the  solid  solutions.  As  in 
the  case  for  various  solids  [5,6],  the  TTE  voltages  V(t)  at 
time  /  can  bs  expressed  in  the  exponential 
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Fig.  1.  Typical  photoinduced  TTE  voltages  V(i)  for  Sb2- 
xInxTes  (x=0,  0.2)  and  Sb2Te3.ySey  (y=0.2,  and  1.0) 
along  the  C2  axis  at  300  K. 


0  10  20 


t()is) 

form, 

V(t)  =  Vo  +2ai  exp(-t/Ti).  (1) 

where  Vq  is  a  constant  value  at  a/  a  relaxation 

amplitude,  and  tj  a  relaxation  time  for  the  rth  relaxation 
process  or  the  type  of  carriers;  a/  >0  or  a/  <0 
corre^ronds  to  a  thermal  diffusion  of  electrons  or  holes, 
respectively.  From  the  analyses  of  the  observed  TTE 
signals  we  have  obtained  four  kinds  of  relaxation  times  T 
/  (i=l-4)  due  to  "holes'  (tr/<0)  for  the  host  material  and 
for  In-substituted  samples  (x<0.2).  For  Se-substituted 
ones,  we  have  also  four  relaxation  times  t}-Z4,  but  the 
TTE  signal  corresponding  to  r/  becomes  too  weak  for 
higher  Se  concentration  y>1.0.  Moreover,  two  extra 
relaxation  times  Zj  (i=5  and  6;  ai<0)  are  observed  for 
higher  Se  concentration  y>0.7.  In  Figs.  2(a)  and  2(b)  the 
values  of  Zj  for  Sb2-xhixTe3  and  Sb2Te3-ySey  are 
plotted  against  x  and  y  in  semilogarithmic  scales, 
respectively,  where  ^e  see  that  these  values  span  a  wide 
time  range  from  10'  to  10  ms,  and  that  all  relaxation 
times  increase  with  x  or  y. 


Fig.  2.  (a)  Observed  relaxation  times  Zj  (i=l-4)  for  Sb2- 
xInxTe3  (0<x<0.2)  plotted  against  In  content  x  and  (b) 
those  of  Zi  (i=l-6)  for  Sb2Te3.ySey  (0<y<1.8)  plotted 
against  Se  content  y. 
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B  Galvanomagnetic  effects 


For  all  samples,  the  resistivity  p  decreases  with 
decreasing  temperature  and  then  approaches  a  constant 
value  at  low  temperatures.  Residual  resistivities  increase 
with  the  substitution  of  In  or  Se  atoms.  In  the 
temperature  range  77-300  K,  the  p-T  curves  for  Sb2Te3- 
ySey  obey  a  power  low  of  the  form  p=t"  with  the 
exponent  n«1.3  for  all  samples.  The  Hall  coefficient  Rh 
is  positive  for  all  samples  and  is  almost  independent  of 
temperature  in  the  whole  temperatiure  range  4.2-300  K 
and  of  magnetic  field  up  to  7  T.  The  values  of  and  the 
Hall  mobilities  at  4.2  K  are  plotted  against  the  In  or 
Se  content  in  Figs.  3(a)  and  3(b),  respectively.  The  7?^ 
increases  monotonically  with  increasing  the 
concentration  of  In  or  Se,  which  indicates  that  the 
apparent  hole  concentrations  decrease  with  x  or  y.  On  the 
other  hand,  the  Hall  mobility  decreases  drastically 
with  increasing  x  for  Sb2-xInxTe3,  while  for  Sb2Te3. 
ySey  it  falls  at  low  Se  concentration  (y<0.7)  and  then 
increases  up  to  y=l  .8,  followed  by  a  decrease.  One  of  the 
reasons  for  the  drastic  decrease  in  with  x  for  Sb2- 
xInxTe3  may  be  due  to  an  appreciable  increase  of 
vacancies,  as  found  for  In2Te3  [7]. 
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Fig.  3.  Hall  coefficients  Rf{  and  Hall  mobilities  jUjf=aRjj 
at  4.2  K  plotted  against  (a)  In  content  x  for  Sb2.xtaxTe3 
and  (b)  Se  content  y  for  Sb2Te3-ySey. 


2 


to 


1  ^ 
'to 

o 


X 


0 


band  (NVB)  widt  a  smaller  effective  mass  compared  to 
those  of  the  main  UVB  and  LVB,  as  described  later. 

The  magnetoresistance  of  these  crystals  is 
proportional  to  the  square  of  a  magnetic  field  B  at  low 
magnetic  fields,  while  it  shows  Shubnikov-de  Haas 
(SdH)  oscillations  at  high  fields.  In  the  present 
orientahon  of  B  pardlel  to  the  C3  axis,  we  have 
observed  a  single  fi'equency,  which  indicates  that  the 
extremal  cross-sections  of  the  six  ellipsoids  of  the  UVB 
Fenni  surfaces  coincide.  Due  to  a  very  sharp  decrease  in 
the  Hall  mobility  with  increasing  In  content  of  Sb2. 
xInxTe3,  the  oscillation  amplitude  falls  rapidly  with  x; 
even  for  x==0.2  it  was  impossible  to  detect  the  SdH  effect 
in  magnetic  fields  up  to  35  T. 

For  Sb2Te3-ySey  with  Se  concentrations  y>0.2, 
a  new  fi^uency  ^ears  in  the  SdH  oscillations.  This 
new  frequency  can  be  asciibable  to  a  new  valence  band 
(NVB),  as  it  will  be  discussed  later.  Thus  the  SdH  data 


confirmed  the  appearance  of  a  NVB  for  y>0.2,  which  is 
evident  from  the  TTE  data. 


A.  Sb2-xInxTe3 

It  is  known  that  the  UVB  of  the  host  Sb2Te3  consists  of 
six  equivalent  valleys,  whose  Fermi  surfaces  have 
ellipsoidal  shape.  Along  the  C2  direction  there  are  two 
valleys  with  different  effective  masses,  to  which  we 
attribute  the  observed  relaxation  times  and  t2  of  tihe 
TTE  signals.  On  the  other  hand,  much  less  is  known 
about  the  Fermi  surface  of  the  LVB.  However,  in  order 
to  explain  TTE  experimental  results  reasonably,  we 
propose  a  six-valley  model  for  the  LVB,  as  in  the  case 
for  Bi2Te3  [6]  where  we  assign  another  two  relaxation 
times  13  and  Z4  to  two  different  vall^s  of  the  LVB 
along  the  C2  direction,  similair  to  the  case  of  die  UVB. 

Now  according  to  the  ellipsoidal  noaparabolic 
model,  [2,3]  the  energy  spectrum  of  the  holes  in  the 
UVB  of  Sb2Te3  is  represented  in  the  form, 

2  2  2  2 

2nioE=Ii  (aiiki  +a22k2  +a33k3  +2a23h2k3),  (2) 

where  the  inverse  mass  tensor  components  ay  depend  on 
file  energy.  Here  the  momentum  k],  k2,  and  k3  form  the 
Cartesian  coordinates,  which  are  parallel  to  one  of  the 
binary  and  bisectrix  axes,  and  to  die  trigonal  axis, 
respectively. 

We  have  calculated  the  hole  concentrations 
PSDH  ^  K  for  Sb2-xhixTe3  using  die  parameters  of 
the  energy  spectrum  for  Sb2Te3,  where  we  have  assumed 
that  the  anisotropy  of  the  Fermi  surface  and  tilt  angle  of 
the  ellipsoids  do  not  depend  on  the  In  concentratioiL  We 
note  that  with  increasing  In  content  die  hole 
concentration  is  decreased  due  to  the  suppression  of 
antistructural  defects  formed  in  the  host  material.  In 
addition,  pH  is  larger  than  psdH  in  each  sample,  which 
means  dial  the  holes  in  the  UVB  vridi  psdH  are 
responsible  for  the  SdH  effect,  while  those  in  the  LVB 
do  not  due  to  very  low  mobility;  thus  psdH  is  regarded  as 
the  hole  concentration  pu  in  the  UVB.  On  the  otiier 
hand,  the  theoretical  analysis  of  the  diffusion  equation 
for  photogenerated  carriers  gives  the  following  relation 
between  the  relaxation  time  Tj  and  carrier  mobility  fij  of 
the  rth  carrier, 

Ti=  eLi^/(2kBT40  or  ^i^eLi VkBTlli).  (3) 

where  Lj  is  a  diffusion  length,  which,  we  assume,  is 
independent  of  die  type  of  carriers  (Lj  =L).  Based  on  the 
above  two-valence  band  model,  we  have  evaluated  the 
hole  concentration  pu  in  the  UVB,  pL  in  the  LVB,  and 
their  mobility  m  along  the  C2  axis  corresponding  to 
using  Eq.  (3),  as  in  the  following  way.  Here  it  is  to  be 
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noted  that  to  the  carrier  transport  along  the  C2  direction, 
there  contribute  two  equivalent  hole  pockets 
corresponding  to  r/  (or  carrier  mobility  ///)  and  four 
ones  corresponding  to  X2  K)  ™  the  UVB,  Similarly, 
for  the  LVB  we  propose  two  equivalent  pockets 
corresponding  to  rj  (or  /tj)  and  four  ones  with  14  (or  // 
4).  Thus  the  total  conductivity  ct,  Hall  coefficient  Rh, 
and  Hall  mobility  pH  can  be  vmtten  for  four  different 
groups  of  carriers. 

According  to  Eq.  (3),  the  mobility  ratio  is 
expressed  by  the  ratio  for  relaxation  times  of  the  UVB 
and  LVB,  ry,  T5,  respectively,  measured  along  the  C2 
axis.  The  hole  concentration  pu  in  the  UVB  is  regarded 
as  equal  to  the  observed  value  from  the  SdH  effect 
with  parameters  which  were  determined  for  Sb2Te3  [2]. 
With  the  values  of  pu  and  mobility  ratio  we  obtain  the 
hole  concentration  pi  in  the  LVB.  From  the  observed 
Hall  mobility  pH  we  obtain  the  value  of  411  and  thus  the 

carrier  mobility  U3  for  the  LVB.  These  evaluated 
20  -3  20  -3 

parameters  are:  pu=0.2*10  cm  ;pl=80’^10  cm  ;  yr 
y=1400cm^A''s;  ytj^llcm^A^s.  The  hole  concentrations 
PU  and  PI  are  decreased  with  increasing  In  content 
primarily  due  to  the  suppression  of  the  antistructural 
defects  by  incorporating  of  In  atoms  in  Sb  sublattice, 
which  in  turn  means  that  the  Fermi  energies  of  both  UVB 
and  LVB  are  decreased  with  increasing  x.  We  should 
also  note  that  the  hole  mobility  pi  of  the  UVB  is  much 
larger  than  ps  of  the  LVB,  and  these  values  are 
drastically  reduced  with  x,  which  indicates  that  ionized 
or  neutral  impurity  scatterings  by  these  crystal  defects 
become  predominant.  Moreover,  the  substitution  of  In 
atoms  into  Sb  sites  in  Sb2Te3  may  affect  the  anisotropy 
of  the  ellipsoidal  Fermi  surfaces  of  the  UVB  and  LVB. 
To  estimate  the  anisotropy  in  the  effective  mass,  we  use 
the  following  relation, 

where  is  a  parameter  characterising  a  scattering 
mechanism.  Assuming  phonon  scattering  for  all  carriers 
in  each  pocket  (y^5/2),  with  the  observed  relaxation 
times  at  300  K  (Fig.  2),  we  obtain  the  effective  mass 
ratio  witii  respect  to  tny*  for  the  UVB,  and 

that  for  the  LVB  with  respect  to  ms^,  m as 
shown  in  fig.4. 

We  see  that  the  anisotropy  in  the  effective  mass 
of  the  UVB  is  of  the  same  order  of  magnitude  as  that  of 
the  LVB  for  the  host  material  (about  3),  and  these  values 
decrease  with  In  alloying.  In  particular,  the  reduction  is 
appreciable  for  the  latter,  which  may  arise  from  the 
increase  m  the  tilt  angle  0  with  In  alloying. 

H.  Sb2Te3.ySey 


To  our  knowledge,  there  are  no  available  information 
about  the  band  parameters  in  Eq.  (2)  for  the  solid 
solution  of  Sb2Te3.ySey.  Hence  in  the  present  work, 
based  on  our  band  model  we  have  attempted  to  evaluate 
the  hole  concentrations  py  and  pi,  and  hole  mobilities  p 
I,  P3,aaAp5  of  the  UVB,  LVB,  and  NVB,  respectively, 
using  the 

Fig.  4  Concentration  dependencies  of  (a)  the  evaluated 
ratio  of  each  effective  masses  to  mi*  for  Sb2-xInxTe3 
(0<x<0.2)  and  (b)  those  for  Sb2Te3.ySe3  (o<y<1.8). 


observed  Hall  data  [Fig.  2(b)],  TTE  data  ry  and  the  SdH 
frequencies.  We  should  note  that  there  are  three  different 
regions  of  Se  concentration:  In  the  first  region  0<y<0.2, 
there  is  only  one  frequency  component  in  the  SdH  effect, 
but  the  Hall  concentration  is  higher  than  SdH 
concentration,  and  we  have  observed  four  relaxation 
times.  In  the  second  region  0.2<y<1.0,  there  are  two 
frequency  components  in  SdH  effect  at  B  |  |  C3,  snd  two 
additional  relaxation  times  Z5  and  16  are  detected  for 
y>0.7,  which  we  have  attributed  to  a  new  valmce  bmd 
(NVB)  with  an  anisotropic  and  small  effective  mass.  The 
increase  in  the  SdH  frequency  with  y  in  the  range 
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0.2<y<1.0  is  due  to  the  change  of  the  positions  of  the 
UVB,  LVB  and  NVB;  NVB  moves  up  and  UVB  moves 
down  due  to  Se  doping.  For  y>1.0  there  are  two 
extremes  filled  by  holes,  NVB  and  LVB,  because  UVB 
filled  up  to  the  top.  The  Fermi  surfaces  in  the  C1C2 
plane  for  die  UVB  consist  of  two  typies  of  hole  valleys 
with  the  relaxation  times  t  ]  and  Z2.  We  assume  that  tlie 
LVB  is  die  same  as  that  of  the  host  that  has  a  multivalley 
structure  consisting  of  two  types  of  hole  valleys  with  the 
relaxation  times  rj  and  Z4  in  C2  direction  in  the  whole 
region  of  Se  concentration.  With  this  model,  we  have 
evaluated  die  carrier  concentration  pu=1.7*10*^cm^  for 
the  UVB  for  y=0.2  fi-om  the  observed  SdH  frequency 
with  the  parameters  of  the  energy  spectrum  which  are 
extr^jolated  from  those  for  Sb2Te3  [2].  Then  using  four 
vafiey  band  model  with  the  experimental  values  of 
mobility  ratio  and  Hall  effect  data,  the  values  of 
mobilities  can  be  evaluated  according  to  the  procedure 
similar  tc^diat  for  Sb2.xInxTe3:  /iy=1810  cm^A^s  and  /r 
j=29  cm  N s.  However,  this  procedure  is  not  acceptable 
for  0.2<y<1.0,  because  in  this  region  we  have 
simultaneously  three  valence  bands,  UVB,  LVB,  and 
NVB,  where  the  NVB  is  supposed  to  consist  of  six 
ellipsoids  with  the  anisotropy  less  than  that  of  die  UVB. 
With  such  a  three- valence-band  model  we  calculated  p,, 
-O.SMO'W,  ^^=6.6*10'^^,  /J,  =12 

cm  N%,  =0.3  cm^A^s,  /j.^  =540  cm^A'^s  for 

y=0.7. 

Moreover,  for  the  region  111  with  y>1.0,  we  have 
evaluated  the  parameters  using  the  two-valence-band 
model.  According  to  the  procedure  as  done  in  the  region 
L  we  have  evaluated  values  the  hole  mobilities  yL 
=5.5  cm^/Y&  /tt=7290  cm^A's  and  jp^=3.2*10*^cm  , 
Pi  =14*10  cm  at  300  K.  It  is  to  be  noted  that  the 
carrier  mobility  of  the  NVB  415  in  the  region  HI  of  the  Se 
concentration  is  particularly  large.  However,  for  y=1.6 
and  y=1.8  it  is  difficult  to  fit  all  data  under  the 
assumption  that  the  tilt  angle  and  the  shape  of  the 
ellipsoids  of  NVB  are  constant;  if  this  is  the  case,  we 
have  to  reduce  pjq  by  30%.  Thus  the  aiusotropy  or  tilt 
angle  should  change  in  the  NVB  ellipsoids  by  Se  doping. 
The  hole  concentrations  pi  in  the  LVB  are  of 
comparable  magnitude  widi  those  found  for  Sb2- 
xlnxTes  and  decreases  with  increasing  y,  indicating  the 
decrease  in  the  Fermi  energy  of  the  LVB.  We  also  note 
tfiat  all  carrier  mobilities  decrease  drastically  in  the 
region  of  the  Se  concentration  0.2<y<1.0.  In  this  case, 
three  kinds  of  valence  bands  (UVB,  LVB,  and  NVB) 
contribute  to  the  dc  transport.  In  this  region,  the  carrier 
scattering  between  different  valleys  are  very  important 
and  reduce  the  carrier  mobilities.  The  most  significant 
nature  of  the  band  structure  for  Sb2Te3-ySey  is  the 
appearance  of  the  NVB  above  y=0.2,  as  found  from  die 
S^  effect  and  TTE  (for  y>0.7)  experiments  (Fig.  3). 
Here  we  have  assumed  that  the  NVB  has  also  a  six- 


valley  structure,  since  we  have  observed  two  relaxation 
times  Z5  and  t6.  The  NVB  becomes  predominant  for 
y>1.0,  which  may  originate  from  the  valence  bands  of  the 
constituent  counterpart  of  Sb2Se3.  But  the  total  hole 
concentration  decrease  due  to  Se  doping.  Finally,  using 
Eq.  (8)  we  have  estimated  the  effective  mass  ratio 
mjVmi*  (i=2-4)  for  Sb2Te3.ySey  along  the  C2  axis 
(fig.4).  We  see  that  these  ratios  are  of  the  order  of  2-20, 
which  decrease  by  substituting  Se  atoms  into  the  host 
Sb2Te3.  The  anisotropies  in  both  UVB  and  LVB 
(m^Vm;*  and  m4*/m3*,  respectively)  are  of  the  order  of 
2-3.  These  results  indicate  that  both  UVB  and  LVB  have 
a  multivalley  structure  with  anisotropic  band  structure.  In 
addition,  the  anisotropy  for  the  NVB  is  similarly 
estimated  to  be  OT(5*/m5*«2.  This  NVB  is  expected  to 
have  an  effective  mass  less  than  those  in  the  UVB  and 
LVB. 

Conclusiom 

From  the  static  and  dynamic  transport  measunmiaits  for 
solid  solutions  of  p-type  Sb2-xInxTe3  (0<x<0.4)  md 
Sb2Te3-ySey  (0<y<1.8)  along  the  C2  axis,  we  have 
found  the  systematic  variations  of  the  Hall  coefficient 
and  Hall  mobility  with  In  content  x  and  Se  content  y 
below  y<0.3.  By  heavily  substitution  of  Se  atoms  into 
the  host  Sb2Te3,  the  Hall  mobility  increases  drastically. 
The  observed  TTE  voltages  are  characterised  by  a 
multiple  relaxation  process  with  different  relaxation  time 
Zj  (i=l-6)  for  thermal  diffusions  of  photogenerated 
carriers,  where  r,  and  Zj  are  due  to  holes  m  the  UVB,  Zj 
and  z^  to  LVB,  and  z_j  and  z^  (observable  only  for  y>0.7 
in  Se-substituted  samples)  due  to  the  NVB  with 
extremely  large  mobilities. 
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SEEBECK  COEFFICIENT  AND  ELECTRICAL  CONDUCTIVITY  OF 
BijTea-SbjTes  ALLOYS  PREPARED  USING  POWDER  METALLURGY 
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Grain  size  and  compacting  pressure  are  two  important  variables  in 
materials  preparation  using  powder  metallurgy.  The  effects  of  both  on  the 
Seebeck  coefficient  and  electrical  conductivity  in  the  preparation  of  BiiTes- 
Sb2Te3  alloys  using  powder  metallurgy  were  investigated.  It  was  observed 
that  the  electrical  resistivity  decreases  with  an  increase  in  the  compacting 
pressure,  while  the  Seebeck  coefficient  remains  constant.  The  grain  size 
had  little  effect  on  either  the  Seebeck  coefficient  or  electrical  resistivity  for 
specimens  with  grain  sizes  larger  than  60  jjm.  The  Seebeck  cofficient  and 
electrical  conductivity  were  substantially  lower  in  small  grain  size  material, 
obtained  using  a  vibratory  mill.  This  reduction  is  due  mainly  to  oxygen 
contamination  rather  than  a  grain  boundary  effect. 


Introduction 

The  thermoelectric  figure-of-merit  of  materials 
prepared  by  powder  metallurgy  is  usually  smaller  than  that 
of  their  crystalline  counterparts.  This  is  especially  true  for 
materials  with  highly  anisotropic  transport  properties,  such 
as  alloys  based  upon  Bi2Te3.  Nevertheless,  there  are 
considerable  practical  advantages  in  the  use  of  the  powder 
metallurgy  process  in  the  preparation  of  tliermoelectric 
materials  [1].  Furthermore,  recent  progress  in  the 
preparation  of  Bi2Te3  using  mechanical  alloying  [2]  and  in 
obtaining  orientation  aligned  sintered  material  [3]  has 
revived  interest  in  the  preparation  of  B^Tes  alloys  using 
powder  metallurgy. 

The  powder  metallurgy  process  usually  involves  a 
sequence  of  operations,  these  typically  include:  grinding, 
pressing  and  sintering.  There  are  several  factors  in  the 
powder  metallurgy  process  which  can  affect  the 
thermoelectric  properties  of  the  resulting  materials.  These 
include:  density,  orientation,  grain  size  and  contamination. 
The  influence  of  these  factors  on  the  thermoelectric 
properties  have  previously  been  investigated  by  several 
authors  [4-8].  However,  previous  investigations  were 
mostly  carried  out  on  specimens  after  sintering  process. 
The  results  obtained  inevitably  included  the  influence  of 
the  sintering.  In  order  to  avoid  such  ambiguous  results,  the 
effects  of  grain  size  and  compacting  pressure  on  the 
Seebeck  coefficient  and  electrical  resistivity  of  p-type 
BizTes-SbzTes  alloys  were  studied  using  cold-pressed 
specimens.  The  effect  of  sintering  was  also  investigated 
using  data  obtained  before  and  after  the  sintering  process. 

Experimental 

P-type  polycrystalline  BiaTes-SbaTes  ingot  grown 
from  the  melt  using  the  Bridgmann  method  was  chosen  as 
a  starting  material.  The  ingot  was  crushed  into  powder 
using  a  mortar  and  pestle  inside  argon-filled  a  glove  box 
and  subsequently  sieved  into  the  following  different  grain- 
size  ranges:  500-1000  fjm,  250-500  fjm,  100-250  jjm,  60- 
100  jjm,  25-60  jjm.  A  vibratory  mill  was  also  employed  to 
produce  fine-grain  powder  of  <1  jon.  The  resulting 
powder  was  then  charged  into  a  die  set  of  6  mm  in 
diameter  for  compaction.  Several  specimens  were 
prepared  using  cold-pressing  under  a  uni-axial  pressure  of 
200,  400,  600,  800  and  1000  MPa.  The  Seebeck 
coefficient  and  electrical  resistivity  were 


measured  at  room  temperature  using  a  hot-probe  [9]  and 
four  probe  apparatus  [10],  respectively.  The  density  of  the 
starting  material  was  obtained  using  hydrostatic  method  to 
overcome  difficulties  due  to  irregular  geometry,  while  the 
density  of  the  specimens  was  obtained  from  measuring  the 
volume  and  weight  of  the  specimens.  The  sintering 
process  was  carried  out  at  573  K  for  2  hours  in  an  argon 
atmosphere. 

Results  and  discussion 

In  figure  1  is  shown  the  density  as  a  function  of 
compacting  pressure  for  specimens  with  different  grain- 
sizes  before  sintering.  The  density  increases  with  increase 
in  both  compacting  pressure  and  grain  size.  The  highest 
density  is  97  %  of  corresponding  crystal  value,  which  was 
obtained  from  specimens  compacted  at  1000  MPa  with 
grain  size  500-1000  jon.  For  specimens  with  grain  size  of 
<\jm,  only  85  %  of  corresponding  crystalline  density  was 
obtained.  This  is  probably  due  to  the  ratio  of  surface  area 
to  volume  for  grains  increasing  with  a  reduction  in  the 
grain  size.  Consequently,  the  specimens  prepared  with 
small  grain  size  are  likely  to  be  more  porous.  The 
deviation  in  density  due  to  different  grain  sizes  is  smaller 
for  specimens  prepared  at  higher  pressure.  This  indicates 
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Figure  1  Density  as  a  function  of  compacting  pressure  for 
different  grain  size. 
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Figure  2  Seebeck  coefficient  as  a  function  of  compacting 
pressure  for  different  grain  sizes. 
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Figure  3  Electrical  resistivity  as  a  function  of  compacting 
pressure  for  different  grain  sizes. 


that  higher  densities  may  be  achieved  in  small  grain  size 
specimens  if  compacted  at  higher  pressure.  Unfortunately, 
in  this  investigation,  it  was  observed  that  cracks  appeared 
in  the  specimens  prepared  using  small  grain  powder  at 
high  compacting  pressure.  Specimens  prepared  from  the 
large  grain  powders  (>100  ^ori)  showed  no  cracks  at 
highest  compacting  pressure  employed  in  this  investigation 
(1000  MPa).  However,  specimens  prepared  from  fine 
grain  powders  of  less  25  /jm  resulted  in  significant  cracks 
even  at  a  compacting  pressure  of  800  MPa. 

The  Seebeck  coefficient  and  electrical  resistivity  as  a 
function  of  compacting  pressure  for  different  grain  sizes 
are  shown  in  figure  2  and  3,  respectively.  The  electrical 
resistivity  decreases  with  an  increase  in  the  compacting 
pressure,  while  the  Seebeck  coefficient  remains  almost 
constant.  From  the  data  shown  in  figure  1,  it  can  be  seen 
that  the  specimens  prepared  at  high  compacting  pressure 
possess  higher  density,  or  less  porosity.  It  is  expected  that 


porosity  affects  the  charge  carrier  mobility  due  to  carrier 
scattering  by  pores.  Consequently,  the  electrical  resistivity 
increased  with  an  increase  in  porosity  due  to  lower 
compacting  pressure.  Porosity  appears  to  have  no  effect 
on  the  Seebeck  coefficient.  Usually,  the  Seebeck 
coefficient  is  also  likely  to  be  affected  by  different  carrier 
scattering  mechanisms.  However,  the  results  displayed  in 
figure  3  indicate  that  the  Seebeck  coefficient  may  not  be 
affected  by  certain  mechanisms,  though  these  mechanisms 
present  significant  scattering  on  charge  carriers. 
Consequently,  the  electrical  resistivity  can  be  altered 
without  affecting  the  Seebeck  coefficient  and  a  large 
electrical  power  factor  (a^cr)  can  be  obtained. 

Grain  size  presents  no  significant  effect  on  both  the 
Seebeck  coefficient  and  electrical  resistivity  for  specimens 
with  grain  size  larger  than  25  /rw.  As  shown  in  figure  3, 
the  deviation  in  the  electrical  resistivity  due  to  grain  size  is 
significantly  less  than  that  due  to  porosity  for  all  the 
specimens  except  those  prepared  by  the  vibratory  mill.  For 
specimens  with  grain  size  larger  than  60  fjm,  no  effect  on 
the  Seebeck  coefficient  was  observed  due  to  different 
grain  sizes.  However,  a  reduction  in  the  Seebeck 
coefficient  was  evident  for  specimens  with  grain  size 
between  25-60  /jm. 

Substantial  reduction  in  both  the  Seebeck  coefficient 
and  electrical  conductivity  occurs  in  fine  grain  (<1  /jm) 
specimens  prepared  using  the  vibratory  mill.  There  are  two 
mechanisms  which  may  be  responsible  for  this  substantial 
reduction:  1)  oxygen  contamination;  2)  grain-boundary 
scattering.  The  effect  of  oxygen  contamination  was 
investigated  using  a  specimen  prepared  in  air  using  the 
vibratory  mill.  It  can  be  seen  from  figure  2  and  3  that  both 
the  Seebeck  coefficient  and  electrical  resistivity  changed 
significantly  due  to  different  atmospheres.  Evidently, 
oxygen  contamination  was  responsible  for  the  observed 
reduction.  Reduction  in  grain  size  increases  the  surface 
area  available  for  contamination.  Consequently,  the 
influence  of  oxygen  contamination  increases  with  a 
reduction  grain  size.  The  effect  of  pure  grain-boundary 
scattering  has  to  be  investigated  in  a  ultra  high  vacuum 
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Figure  4  Density  as  a  function  of  compacting  pressure  for 
different  grain  sizes  after  sintering. 
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which  was  not  available  for  this  investigation.  However,  it 
is  expected  that  the  effect  of  pure  grain-boundary 
scattering  is  unlikely  to  be  as  significant  as  oxygen 
contamination  for  specimens  prepared  in  an  atmosphere 
available  as  used  this  investigation. 

In  figure  4-6  are  shown  the  results  of  density, 
Seebeck  coefficient  and  electrical  resistivity  respectively 
after  sintering  the  specimens.  Data  analysis  indicated  that 
a  reduction  of  about  3-5  %  in  density  was  observed  after 
sintering  for  all  specimens  of  different  grain  sizes  and 
compacting  pressures.  The  reduction  appears  to  be  more 
significant  in  specimens  compacted  at  higher  pressure,  the 
Seebeck  coefficient  being  more  pressure  dependent  after 
sintering.  A  significant  increase  by  about  20-30  %  in  the 
Seebeck  coefficient  is  observed  in  all  specimens  except 
for  those  compacted  at  200  MPa.  The  increase  in  the 
Seebeck  coefficient  is  more  significant  for  small-grain 
specimens  compacted  at  higher  pressure.  The  change  in 
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Figure  5  Seebeck  coefficient  as  a  function  of  compacting 
pressure  for  different  grain  size  after  sintering. 
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the  electrical  resistivity  is  also  affected  by  grain  size.  The 
electrical  resistivity  after  sintering  appears  to  decrease  for 
specimens  with  grain  size  <250  /jm,  while  it  appears  to 
increase  for  those  with  grain  size  >250  ijm.  It  is  apparent 
that  the  dependence  of  the  thermoelectric  properties  on  the 
grain  size  and  compacting  pressure  can  be  significantly 
altered  by  the  sintering  process.  Further  investigation  is 
needed  to  identify  the  mechanisms  which  are  responsible 
for  these  changes  during  the  sintering  process. 

Conclusions 

The  Seebeck  coefficient  of  Bi2Te3-Sb2Te3  alloys 
prepared  by  cold-pressing  is  independent  of  compacting 
pressure  (or  porosity),  while  the  electrical  resistivity 
decreases  with  an  increase  in  compacting  pressure  (or 
porosity).  The  Seebeck  coefficient  and  electrical 
conductivity  are  also  independent  of  the  grain  size  for 
specimens  with  grain  sizes  between  60-1000  jjm. 
However,  substantial  reductions  were  observed  in  both  the 
Seebeck  coefficient  and  electrical  conductivity  for 
specimens  with  grain  size  less  than  1  jjm.  This  significant 
reduction  is  mainly  attributed  to  oxygen  contamination 
rather  than  pure  grain-boundary  scattering.  Oxygen 
contamination  affects  both  the  Seebeck  coefficient  and 
electrical  conductivity,  while  the  porosity  appears  to  affect 
the  electrical  conductivity  only.  The  density,  electrical 
resistivity  and  the  Seebeck  coefficient  were  significantly 
altered  after  sintering.  The  density  cannot  be  improved  by 
sintering  process.  On  the  contrary,  it  decreased  by  about  5 
%.  The  changes  in  the  Seebeck  coefficient  and  electrical 
resistivity  appear  to  be  quite  complicated  and  further 
investigation  is  needed. 
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Conventionally  BijTes  based  alloys  are  used  in  Peltier  modules 
operated  around  room  temperature  and  below.  In  this  paper,  the 
thermoelectric  properties  of  commercially  available  BiaTes  based  alloys 
were  assessed  over  the  temperature  range  300-600  K  for  use  in  electrical 
power  generation  using  “waste”  heat.  The  results  enabled  the  power  output 
and  conversion  efficiency  to  be  calculated  taking  into  account  the 
temperature  dependence  of  these  properties.  The  calculated  data  indicates 
that  an  improvement  in  both  the  power  output  and  conversion  efficiency  is 
possible  if  the  maximum  values  of  the  electrical  power  factor  and 
thermoelectric  figure-of-merit  can  be  optimized  over  a  higher  temperature 
range. 


Introduction 

Alloys  based  on  bismuth  telluride  are  the  best 
existing  thermoelectric  materials  for  use  in  the  temperature 
range  around  room  temperature.  The  thermoelectric 
properties  of  these  alloys  below  room  temperature  have 
previously  been  investigated  to  achieve  the  best 
performance  for  refrigeration  [1-5],  However,  there  is  less 
information  available  on  the  temperature  dependence  of 
the  thermoelectric  properties  of  Bi2Te3  based  alloys  over 
the  temperature  range  above  room  temperature. 
Accompanying  the  recent  interest  in  the  use  of  Peltier 
modules  as  generators  for  “waste”  heat  electrical  power 
generation  [6,7]  is  a  requirement  for  information  on  the 
thermoelectric  properties  of  bismuth  telluride  type  alloys 
as  a  function  of  temperature  above  room  temperature.  This 
is  necessary  to  enable  realistic  calculations  to  be  made  of 
the  power  output  and  conversion  efficiency  of  these 
modules.  The  objective  of  the  work  reported  in  this  paper 
is  to  provide  up-to-date  information  on  the  temperaUire 
dependence  of  thermoelectric  properties  of  BijTej  based 
alloys  over  the  temperature  range  300-600  K.  The 
possibility  of  improving  the  thermoelectric  performance  of 
the  modules  by  modifying  the  material  is  assessed  by 
investigating  the  power  output  and  conversion  efficiency 
of  a  typical  commercial  available  Peltier  module. 

Thermoelectric  properties  over  300-600  K 

Materials  employed  in  this  investigation  were 
obtained  from  an  established  thermoelectric  module 
manufacturer.  The  n  and  p-type  materials  are  solid 
solutions  of  BijTej-BijSes  and  Bi2Te3-Sb2Te3, 
respectively.  The  Seebeck  coefficient,  electrical  resistivity 
and  thermal  conductivity  were  measured  using  apparatus 
previously  described  [8,  9],  The  transport  properties  of 
these  alloys  exhibit  strong  anisotropy.  Consequently,  the 
specimens  were  carefully  prepared  for  the  investigation 
along  the  “preferred”  orientation  (i.e.,  the  direction 
perpendicular  to  c-axis).  Specimens  used  for  the  Seebeck 
coefficient  and  electrical  resistivity  measurements  were 
prepared  in  a  rectangular  shape  (2  mm  x  2  mm  x  10  mm), 
while  the  disc-shaped  specimens  used  for  thermal 
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Figure  1  Seebeck  coefficient  versus  temperature. 
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Figure  2  Electrical  resistivity  versus  temperaUire. 
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Figure  3  Thermal  conductivity  versus  temperature. 

conductivity  measurement  were  6.5  mm  in  diameter  and 
about  1.5  mm  thick.  In  figures  1-3  are  shown  the  Seebeck 
coefficient,  electrical  resistivity  and  thermal  conductivity 
as  a  function  of  temperature  over  the  range  300-600  K  for 
both  n-type  and  p-type  materials.  It  is  apparent  that  the 
Seebeck  coefficient  and  electrical  resistivity  initially 
increase  with  increasing  temperature  until  they  reach  a 
maximum  value,  and  then  decrease  with  further  increase  in 
temperature.  The  maximum  values  for  the  Seebeck 
coefficient  and  electrical  resistivity  are  achieved  at  about 
400  and  500  K,  respectively.  The  thermal  conductivity 
increases  monotonically  with  increasing  temperature  over 
the  temperature  range  investigated. 

The  electrical  power  factor  and  thermoelectric  figure- 
of-merit  were  also  calculated  using  the  data  displayed  in 
figures  1-3  and  tlie  results  are  presented  as  a  function  of 
temperature  in  figures  4  and  5.  The  electrical  power  factor 
and  thermoelectric  figure-of-merit  decrease  with  an 
increase  in  temperature.  Estimated  reductions  in  electrical 
power  factor  and  thermoelectric  figure-of-merit  are  about 
25  %  and  30  %  when  the  temperature  increases  from  300 
to  400  K.  It  is  apparent  that  a  decrease  in  the 
thermoelectric  performance  of  modules  fabricated  using 
Bi2Te3  based  alloys  would  accompany  an  increase  in 
temperature.  The  dashed  lines  in  figures  4  and  5  are  the 
average  values  of  n  and  p-type  materials,  while  the  general 
trend  of  low  temperature  behavior  has  been  obtained  from 
published  data  [1].  It  can  be  seen  that  the  optimum 
temperatures,  which  correspond  to  the  maximum  values  of 
the  electrical  power  factor  and  figure-of-merit,  are  around 
300  K.  The  dotted  lines  shown  in  the  figures  are  obtained 
by  shifting  the  dashed  lines  along  the  T-axis  to  a  position 
where  the  optimum  temperatures  are  about  350  K. 

Improving  Power  output  and  Conversion  efficiency 

The  power  output  of  a  Peltier  module  when  operated 
in  generating  mode  can  be  calculated  using  [10], 

1  NA\T'  ,,, 

P  = - r  (1) 

2  p  {l  +  n){l  +  2rljl) 
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Figure  4  Electrical  power  factor  versus  temperature. 
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Figure  5  Figure-of-merit  versus  temperature. 

where,  a  and  p  are  the  Seebeck  coefficient  and  electrical 
resistivity,  respectively,  N  the  number  of  the 
thermocouples  in  a  module,  A  the  cross-sectional  area  of 
the  thermoelements,  AT  the  temperature  difference  across 
the  module,  I  the  length  of  thermoelements,  4  the 
tliickness  of  the  ceramic  plate,  n  and  r  are  the  parameters 
related  to  the  electrical  and  thermal  contact  resistances, 
respectively. 

The  power  output  is  normally  estimated  using 
equation  (1)  by  assuming  that  the  electrical  power  factor 
((///?)  remains  constant  over  AT.  However,  as  shown  in 
figure  4,  the  electrical  power  factor  is  a  function  of 
temperature.  Consequently,  in  a  realistic  calculation  of  the 
power  ouqtut,  the  temperature  dependence  of  the 
electrical  power  factor  needs  to  be  taken  into 
consideration.  In  this  case,  the  power  output  can  be 
calculated  by  integrating  equation  (1)  over  the  whole 
temperature  range.  The  power  output,  based  on  a  typical 
commercially  available  module 
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(N=\21,  /}=l,4  mm  x  1. 4  mm,  /=l.54  mm,  4=1  mm. 
/;=0.I0  mm,  r=0.20,  '/|-=300  K),  was  calculated  and  the 
results  are  shown  in  figure  6.  The  solid  line  in  the  figure 
w'as  obtained  using  room  temperature  (a^/p)  data  and 
assuming  that  it  remains  constant  over  the  whole 
temperature  range.  The  dashed  line  was  calculated  using 
(or  p)  values  represented  by  the  dashed  line  in  figure  4.  It 
can  be  seen  that  the  power  output  is  likely  to  be  over¬ 
estimated  if  the  temperature  dependence  of  (a‘/p)  is  not 
taken  into  consideration.  Furthermore,  assuming  that  the 
temperature  dependence  of  the  electrical  power  facto;  can 
be  shifted  to  a  position  where  the  optimum  temperature  is 
around  350  K  (i.e.  represented  by  dotted  lines  in  figure  4), 
the  corresponding  power  output  was  calculated  and  the 
results  are  presented  by  a  dotted  line  in  figure  5.  It  is 
apparent  that  for  applications  over  the  temperature  range 
300-400  K.  an  increase  of  about  8  %  can  be  obtained  in 
principle. 

The  conversion  efficiency  of  a  Peltier  module  when 
operated  in  the  generating  mode  is  given  by  [10] 


where,  z  is  the  thermoelectric  figure-of-merit  of  the 
thennoelectric  material,  and  Ti,  and  '/V  are  the  temperatures 
on  the  hot  and  cold  sides  of  the  module.  Employing  the 
same  assumption  to  that  for  calculating  power  output,  the 
conversion  efficiency  was  calculated  and  the  results  are 
displayed  in  figure  7  as  a  function  of  thermoelement  length 
for  several  temperature  differences.  The  solid  lines  and 
dotted  lines  were  calculated  using  z  values  represented  by 
the  dashed  line  and  dotted  line  in  figure  5,  respectively.  It 
can  be  seen  that  for  temperature  deference  >60  K,  an 
increase  in  conversion  efficiency  can  be  obtained  by 
shifting  z  values  from  those  represented  by  dashed  lines  to 
those  by  dotted  line  in  figure  5. 
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Figure  6  The  power  output  as  a  function  of  temperature 
difference.  The  solid  line  was  calculated  with  (a^/p) 
remaining  constant.  The  dashed  line  was  calculated  for 
(a^/p)  optimized  at  300  K.  The  dotted  line  for  that 
optimized  at  350  K. 
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Figure  7  Conversion  efficiency  as  a  function  of 
thermoelement  length  for  different  temperatures.  The  solid 
lines  were  calculated  for  z  optimized  at  300  K  and  the 
dotted  lines  for  that  at  350  K. 


Discussions  and  conclusions 

The  results  of  theoretical  calculations  show  that  an 
improvement  up  to  8  %  in  the  electrical  power  factor  and 
6  %  in  file  conversion  efficiency  can  be  obtained  at  a 
temperature  difference  of  about  100  K.  However,  it  is 
noted  tliat  the  calculation  was  based  upon  the  assumption 
that  the  maximum  value  of  the  electrical  power  factor  or 
thermoelectric  figure-of-merit,  can  be  shifted  to  a  higher 
temperature  range  without  reduction.  In  practice,  a  shift  of 
optimum  temperature  to  higher  temperature  range  may  be 
accompanied  by  a  decrease  in  the  maximum  value  of  the 
electrical  power  factor  and  thermoelectric  figure-of-raerit. 
As  a  result,  the  actual  increase  obtained  is  expected  to  be 
less  than  that  calculated.  In  order  to  obtain  the  maximum 
possible  improvement,  it  is  essential  that  the  optimum 
temperature  can  be  shifted  with  a  less  significant  decrease 
in  the  maximum  value  of  the  electrical  power  factor  or 
thennoelectric  figure-of-merit. 

For  Bi2Te3  based  alloys,  it  has  been  shown  that  the 
optimum  temperature  varies  with  carrier  concentration  and 
alloy  composition  without  a  significant  reduction  in  the 
maximum  value  of  the  thermoelectric  figure-of-merit  [11]. 
It  is  known  that  the  mechanism  which  affects  the  optimum 
temperature  is  the  onset  of  intrinsic  conduction  [1]. 
Apparently,  a  possible  approach  to  improve  the 
thermoelectric  performance  of  these  alloys  is  to  prevent 
the  occurence  of  intrinsic  conduction  over  the  temperature 
range  where  the  module  is  operated.  This  could  be 
acheived  by  increasing  the  carrier  concentration  or  the 
energy  band  gap. 
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Thermoelectric  cooling  modules  based  on  bismuth  telluride  alloys:  technique 
and  use  in  the  world  patent  documentation 

B.Sh.Malkovitch 


Engineering  &  Production  Firm  ’’ Cnjotlicrm" ,  St. Petersburg,  19734S  Ru.ssia 


The  results  of  the  world  pateirt  documentation  analysis  in  the  field  of  the  producing 
and  use  of  the  cooling  thermoelectric  modules  arc  considered. 


Thermoelectric  cooling  modules  (TM)  have  found  widespread 
application  in  various  areas  of  human  endeavour — in  engineer¬ 
ing,  medicine,  everyday  life.  In  engineering  they  are  used 
particularly  for  cooling  of  the  optical  radiation  detectors  and 
for  controlling  the  temperature  of  an  integrated  circuite  pack¬ 
age,  in  medicine — for  hypothermia  treatment,  for  treatment  of 
pain,  for  cooling  the  pharmaceutical  pri'parations  and  biolog¬ 
ical  objects,  in  everyday  life  -  for  air  conditioning  of  indoors, 
for  cooling  the  food-stuffs,  etc.  A  variety  of  aspects  of  the  prac¬ 
tical  use  and  manufacture  of  TM  are  embodied  in  the  world 
patent  documentation. 

The  problems  of  elaborating  of  the  high  efficiency  thermo¬ 
electric.  materials,  of  the  technique  of  their  making,  of  the 
thermoelement  design,  of  electrical  and  thermal  joining  of  the 
adjacent  legs  of  the  thermoelements,  of  TM  design,  etc.  arc 
reflected  in  the  patents  related  to  the  production  of  T.M'. 

The  first  patent  document  concerned  the  elaboration  of  the 
most  effective  n-type  thermoelectric,  material  was  the  Author’s 
certificate  of  the  USSR  No.  107420,  issued  to  the  collaborators 
of  the’ Institute  of  Semiconductors  S.S.Sinani,  G.V.Kokosh, 
G.N.Gordyakova,  A.N.Shadrina  and  published  in  1957,  July 
(application  priority  06.07.56).  The  authors  of  the  invention 
elaborated  for  the  negative  leg  of  the  thermoelement  the  com¬ 
position  Bi2Te3  —  Bi2Se3  with  a  dopant  such  as  mercury  or 
cadmium  chlorides,  copper  or  silver.  In  accordance  with  the 
object  of  the  invention  the  optimum  composition  contained  90- 
70  at.  %  of  bismuth  telluride  [1],  Unfortunately,  no  references 
to  these  author’s  certificate  are  present  in  the  world  patent  file, 
while  the  reference  to  these  authors  article,  published  in  the 
journal,  is  available  [2],  As  to  the  positive  leg  of  the  thermoele¬ 
ment,  it  was  prepared  from  bismuth  telluride  based  materials 
too,  elaborated  previously  for  the  thermoelectric,  generator  [3]. 
However,  information  about  patenting  such  a  material  could 
not  be  found.  But  there  are  many  references  in  the  patent  file 
to  the  patent  of  Radio  Corporation  of  America  [4],  relating  to 
similar  p-type  alloy,  e.g.[5]. 

In  the  50-60’e  there  was  a  large  body  of  research  with  the 
purpose  to  increase  the  performance  of  thermoelectric  mate¬ 
rial  [6-8]  and  to  improve  the  technique  of  its  fabricating  [9,10], 
Detailed  description  of  the  ingot  preparing  methods  [6-9],  in¬ 
cluding  conditions  of  its  making,  sequence  of  manipulations, 
the  shape  and  overall  the  dimensions  of  ingots,  their  proper¬ 
ties,  methods  and  arrangements  for  measuring  the  material 
parameters  [11-14]  one  may  find  in  patent  documents. 

Along  with  the  thermoelectric  material  efficiency,  a  signifi- 

^  Thermoelectri<‘  cooling  module  is  an  arrangement  comprising  a  set  of 
the  thennoelcments  wliidi  junctions  of  the  same  type  arc  lucaterl  in  the 
same  plane.  The  free  surfaces  of  the  bridging  memhere  a'  c  joinerl  in  (liis 
qase  willi  the  Insulation  plate  of  liigli  tliefmal  cunrliK  t ivity.  One  plate  is 
in  contact  with  cooling  object,  and  another  oik'  with  the  heat  sink. 


cant  aspect  of  the  thermoelements  fabricating  is  the  quality  of 
the  junction  between  the  legs  of  thermoelement  and  bridging 
members  [15-19],  The  junction  quality  must  satisfy  the  special 
requirements  to  the  technique  of  fabricating  of  the  thermoele¬ 
ments  and  first  of  all  to  the  soldering  conditions  and  to  the 
solders  and  fusing  agents.  According  to  available  patent  in¬ 
formation  this  problem  has  attracted  considerable  interest  of 
variety  of  companies. 

At  the  same  time  with  the  individual  thermoelement  mak¬ 
ing,  the  technique  of  fabricating  of  TM  was  developed.  Vari¬ 
ous  methods  of  TM  fabricating,  described  in  a  large  number  of 
patent  documents,  come  under  two  groups:  1)  fabricating  TM 
with  the  legs  of  required  length  [20-25]  and  2)  fabricating  TM 
of  the  sub-unit  with  the  legs  longer  than  required  [26-28].  The 
patents  of  the  first  group  arc  concerned  with  the  dismouii!- 
able  matrix  comprising  the  director  plates.  Furthermore,  the 
bridging  elements  are  solder  bonded  at  both  ends  in  matrix, 
and  then  director  plates  are  extracted  out.  The  patents  of  the 
second  group  are  concerned  with  the  depositing  of  legs  in  ma¬ 
trix  and  their  scaling  with  the  insulating  material  to  obtain 
the  monolithic  block,  following  which  this  block  is  extracted 
from  matrix  and  cut  into  sub-units  of  the  required  length. 

The  technique  of  fabricating  TM  is  improved  continuously, 
and  companies — manufacturers  of  TM  in  a  number  of  coun¬ 
tries  take  a  part  in  this  process.  An  ever  increasing  num¬ 
ber  of  technical  decisions  makes  it  possible,  in  particular,  to 
mechanize  the  TM  fabricating.  Thus,  the  American  com])any 
Varo,  Inc,  elaborated  the  conveyer  assembly  process  of  the 
TM  with  the  automatic  feed,  stacking  and  alignment  of  TM 
members  and  their  bonding  [29].  The  technique  of  industrial 
producing  of  a  thermoelectric  material  [30]  with  the  method 
of  automatic  assembly  process  of  TM  [31]  are  suggested  in  tii' 
patents  of  Japan  Komatsu  Ltd.  The  industrial  process  of  TM 
fabricating  was  elaborated  by  French  Compagnie  Industriclle 
dcs  Telecommunications  CIT- ALCATEL  [32], 

The  multistage  TM  designes  are  described  in  a  number  of 
patents.  Thus,  said  Varo,  Inc.  has  patented  a  mechanical 
a.ssembly  process  of  two-stage  TM,  completed  by  reflow  sol¬ 
dering  [33].  While  the  patents  of  Varo,  Inc.  are  concerned 
with  the  iTU'chnnization  of  tlio  TM  assembly  process  [29,33]. 
ni'vertheless  any  refi-rences  to  TM  use  of  this  company  arc 
lacking. 

in  a  niiinbi'r  of  rases,  instead  of  the  traditional  pyramid 
or  parali('lepi[ied  configuration  of  the  multistage  TM,  there 
occurs  need  to  use  the  multistage  thermobattery  which  con¬ 
figuration  depends  on  the  operating  conditions  of  the  cooling 
object.  The  four-stage  thermobattery  of  the  console  type  con¬ 
figuration  [34]  provides  an  example  of  such  a  non-standard 
multistage  TM. 

As  early  as  50--60's  many  eompaiiii-s  of  the  leading  countries 
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have  been  deeply  involved  in  the  manufacture  technique  elab¬ 
oration  of  the  cooling  thermoelements,  and  later  TM.  Such 
a  companies  were  Radio  Corporation  of  America,  Westing- 
house  Electric  Company,  General  Motors  Company.  They 
possess  now  a  lot  of  patents  concerned  TM  fabricating  tech¬ 
nique  aspects.  Some  companies  have  few  such  patents,  but 
they  are  known  now  as  manufacturers  of  commercially  avail¬ 
able  TM  (Marlow  Ind.,  Inc.,  Borg-Warner  Thermoelectrics). 
In  European  countries  similar  developments  are  involved  in 
Germany  (Licentia  Patent- Verwaltung  GmbH,  Siemens  AG, 
Siemens-Schuckert  Aktiengesellschaft,  etc.),  in  Great  Britain 
(The  General  Electric  Co.,  UK  Atomic  Energy  Authority, 
etc.),  in  France  (Compagnie  Industrielle  des  Telecommunica¬ 
tions  CIT-ALCATEL,  etc.),  in  USSR  (Institute  of  Semicon¬ 
ductors  of  the  Academy  of  Sciences  of  USSR,  etc.). 

Thermoelectric  cooling  modules  started  to  use  in  the  de¬ 
velopments  at  the  turn  of  the  60-70’s,  when  they  become 
commercially  available.  Nowadays,  according  to  the  world 
patent  file,  the  USA  companies  only  manufacture  the  com¬ 
mercially  available  TM.  Here  are  these  companies:  Materials 
Electronic  Products  Corp.,  Trenton,  N.Y.  (Melcor);  Marlow 
Industries,  Inc.,  Dallas,  Tex.;  Cambridge  Thermoionic  Corp., 
Mass.  (Cambion);  Midland  Ross  of  Cambridge,  Mass.;  Borg- 
Warner  Corp.,  Chicago,  Ill.;  Thermo-Electric  Cooling  Amer¬ 
ica  Company,  Chicago,  Ill.  The  purchasers  use  the  modules 
of  these  companies  as  completed  members.  It  will  be  noted 
that  some  patent  information  about  the  use  of  commercially 
available  TM  is  reported  without  any  reference  to  the  manu¬ 
facturer. 

Materials  Electronic  Products  Corporation,  founded  in 
1959,  is  the  most  important  manufacturer  of  commercially 
available  TM.  The  first  report  on  utilization  of  Melcor  com¬ 
mercially  available  TM  has  been  found  in  the  patent  of  Medical 
Electroscience  Inc.  [35].  Regular  references  to  the  utilization 
of  the  Melcor  commercially  available  TM  appeared  from  the 
middle  70’s,  but  Melcor  patents  itself  could  be  detected  nei¬ 
ther  in  the  USA  patent  documentation  nor  in  other  countries 
one. 

At  least  two  companies-manufacturers  mentioned  above 
have  their  own  developments  of  the  arrangements  with  the 
utilization  of  TM.  Thus,  Marlow  Industries,  Inc.  has  patented 
noiseless  refrigerator  for  hotels  (Pat.  No.  4644753)  and  trans¬ 
port  self-containing  refrigerating  unit  (Pat.  N  4922721);  Borg- 
Warner  Corp.  has  patented  downhole  refrigerating  system  for 
cooling  electronic  components  (Pat.  No.  4375157). 

There  are  several  patenting  directions  in  the  field  of  ther¬ 
moelectric  cooling  with  the  use  of  the  solid  solutions  based 
on  bismuth  telluride  alloys:  (1)  improvement  in  thermoelec¬ 
tric  materials  by  impurity  doping,  (2)  optimization  of  material 
fabrication  conditions,  (3)  improvement  in  methods  of  ther¬ 
moelement  leg  fabrication,  (4)  improvement  in  solders  and 
fusing  agents  and  optimization  of  the  soldering  conditions,  (5) 
improvement  in  thermoelectric  cooler  construction,  (6)  use  of 
TM  as  additional  element  in  device  construction,  (7)  modern¬ 
ization  of  device,  in  which  the  thermoelectric  cooler  is  used. 

The  first  four  directions  concerned  the  technological  aspects 
are  classified  by  the  patent  headings  HOIL  35/OO-HOlL  35/34 
of  the  International  Patent  Classification  (IPC).  The  fifth  di¬ 
rection  corresponds  to  the  patent  heading  F25B  21/02  of  IPC. 
The  last  two  directions  related  to  the  improvement  in  oper¬ 
ating  characteristics  of  the  arrangements  correspond  to  those 
headings  of  IPC,  in  which  the  device  is  classified  itself  (e.g.,  a 
thermoelectric  air  conditioner  used  in  vehicles  is  classified  by 
the  patent  heading  B60H  3/00),  and  in  this  case  the  heading 
F25B  21/02  may  be  written  as  the  second  or  the  third  one. 

Further  the  patents  are  listed  in  which  companies- 


manufacturers  of  commercially  available  modules  are  indi¬ 
cated.  The  following  information  is  given:  assignment  of 
cooler,  owner  of  patent,  manufacturer  of  modules,  patent  num¬ 
ber,  International  Patent  Classification. 


1.  Apparatus  for  collecting  and  cooling  blood.  Medical 
Electroscience,  Inc.  -  Melcor.  3  480  015.  A61m  1/03;  A61f 
7/00. 

2.  Refrigerator  boxes  for  use  in  mobile  installation,  such  as 
in  campers,  trailers  and  boats.  Mobile  Metal  Products,  Inc.  - 
Melcor.  3  821  881.  F25B  21/02. 

3.  Cold  slabs  used  by  dentist  and  dental  technicians  for 
facilitate  to  mixing  and  storage  of  certain  compounds.  Sygnet 
Optical  Co.  -  Melcor.  3  986  337.  F25B  21/02. 

4.  Compact  self-contained  thermoelectric  refrigerating  unit 
for  converting  and  existing  insulated  enclosure.  L.L. Simms.  - 
Melcor.  4  007  600.  F25B  21/02;  F25D  3/08. 

5.  Integrated  circuit  temperature  gradient  and  moisture  reg¬ 
ulator.  USA  as  represented  by  the  Secretary  of  the  Navy.  - 
Marlow  Inch,  Inc.  4  253  515.  F25B  29/00;  F28F  27/00;  BOIL 
23/02;  H02B  1/00. 

6.  Double-walled  vacuum  insulated  container  having  an  ac¬ 
tively  refrigerated  insulating  system  for  product  storage  at 
cryogenic  temperatures.  Union  Carbide  Corp.  -  Melcor,  Cam¬ 
bion,  Borg-Warner  Corp.  4  287  720.  F17C  1/00. 

7.  Beverage  heater  and  cooler.  G.R. Keith.  -  Melcor.  4  384 
512.  A47f  31/053. 

8.  Hot/cold  socket  for  package  I. C. microprobing,  NCR 
Corp,  -  Melcor.  4  402  185.  F25B  21/02. 

9.  Cooled  garment.  K.Lehovec,  R.ShuttIcworth,  Y.A.Bedri. 

-  Borg-Warner  Corp.,  Cambion.  4  470  263.  F25B  21/02. 

10.  Apparatus  for  hypothermia  treatment.  Atlantic  Rich¬ 
field  Co.  -  Cambion,  4  483  341.  A61F  7/00. 

11.  Dehumidifier  apparatus  for  disc  drivers.  Sperry  Corp.  - 
Cambion.  4  499  736.  F25B  21/02. 

12.  Apparatus  for  treatment  of  pain  by  frequently  alternat¬ 
ing  temperature  stimulation.  I.Kissin.  -  Melcor.  4  585  002. 
A61B  10/00. 

13.  Anesthetizing  skin.  R.F.Perler.  -  Borg-Warner  Co. 
4  614  191,  A61F  7/00. 

14.  Noiseless  refrigerator  for  use  even  in  single  room  sleeping 
quarters.  Marlow  Ind.,  Inc.  -  Marlow  Ind,,  Inc.  4  644  753. 
F25B  21/00. 

15.  Mounting  enclo.sure  for  disc-drive  computer  memory 
device.  Allen-Bradley  Co.,  Inc.  -  Thermo-Electric  Cooling 
America  Co,  4  685  303.  F25B  21/02;  GllB  15/18. 

16.  Thermally  controlled  transmit/receive  module  test  ap¬ 
paratus.  USA  as  represented  by  the  Secretary  of  the  Air  Force. 

-  Midland  Ross  Corp.  4  704  872.  F25B  21/02. 

17.  Thermal  electric  vapor  trap  arrangement.  USA  as  rep¬ 
resented  by  the  US  Department  of  Energy,  -  Melcor.  4  730 
458.  F25B  21/02. 

18.  Cooling  and  heating  purified,  filtered  or  tap  water. 
J.M.Kerner,  C. Palmer,  P.Toffel.  -  Marlow  Ind.,  Inc.,  Midland 
Ross  Corp.  4  744  220;  4  833  888.  F25B  21/02. 

19.  Kidney  preservation.  D.O. Bauer,  N.W. Bauer.  -  Melcor, 
Borg-Warner  Co.  4  745  759.  F25B  21/02. 

20.  Frost  collectors  for  freezers.  Raytheon  Co.  -  Melcor, 
Borg-Warner  Co,  4  764  193.  F25B  21/02. 

21.  Heat  exchanger  that  provides  high  efficiency  of  oper¬ 
ation.  Allied  Products  Corp.  -  Melcor.  4  782  664.  F25B 
21/02 

22.  Thermoelectric  cooling  device  with  the  spacer  between 
cold  surfaces  of  adjacent  modules  (and  so  as  do  not)  arrange 
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ill  a  stack.  A  fluid  to  be  cooled  is  passed  through  those  spac¬ 
ers  separating  the  cold  surfaces.  Koslow  Technology  Corp.  - 
Melcor.  4  829  771.  F25B  21/02 

23.  Cooling  optical  radiation  detector.  Microluminetics.  - 
Melcor.  4  833  889.  F25B  21/02. 

24.  Apparatus  for  controlling  the  temperature  of  an  inte¬ 
grated  circuit  package.  Texas  Instruments,  Inc.  -  Marlow  Ind., 
Inc.  4  848  090.  F25B  21/02;  BOIL  23/28;  F25B  29/00. 

25.  Liquid  chiller  or  countertop  cooler  for  the  standard 
sized  plastic  water  bottles  with  the  capacity  of  2.5  gallons. 
R.S. Bender,  L. Fleet.  -  Melcor.  4  866  945.  F25B  21/02. 

26.  Aquarium  cooling  to  control  a  temperature.  R.Tirano. 

-  Melcor.  4  867  102.  AOIK  61/00;  F25B  21/02. 

27.  Storing  and  dispensing  of  creamers.  J.S.Caldarola.  r 
Melcor.  4  891  949.  F25B  21/02. 

28.  Heating  and  cooling  a  beverage.  Q-Branch  Technologies 
Inc.  -  Melcor.  4  914  920.  F25B  21/02. 

29.  Transporter  unit  with  communication  media  environ¬ 
mental  storage  modules.  Marlow  Ind.,  Inc.  -  Marlow  Ind., 
Inc.  4  922  721.  F25B  21/02. 

30.  Cooling  system  for  wet  process  stations.  R.W. Higgins.  - 
Thermo-Electric  Cooling  America  Co.  5  029  445.  F25B  21/02. 

31.  Cooling  of  an  integrated  circuit  package.  Prime  Com¬ 
puter,  Inc.  -  Melcor.  5  040  381.  F25B  21/02. 

32.  Storing  and  dispensing  of  food  product  which  can  be 
used  in  vehicles  such  as  cars,  trucks  and  boats.  S.P.Sundhar. 

-  Melcor,  Marlow  Ind.,  Inc.  5  042  258.  F25B  21/02. 

33.  Microprocessor  controlled  fluid  circulating  system  for 
medical  u.ses.  T.Quissenberry.  -  Melcor.  5  097  829.  A61F 
7/00;  II05B  1/02. 
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The  Metallization  of  the  Thermoelement  Branches  by  Ionic  Sputtering  of  the  Nickel  and 

Cobalt. 

G.D.  Kuznetsov,  Y.G.  Polystanskiy,  V.A.  Evseev 

State  Institute  of  Steel  and  Alloys,  Moscow,  1  17936,  Russia 


Making  of  effective  thennoelectical  devices  on  the 
basis  of  chaicogenydes  of  tin,  lead,  bismuth,  stibium  in 
considerable  degree  is  connected  with  elaboration  of 
quality  ohmic  contacts  of  metal/sciniconductor  thenno- 
branchesv  Obtaining  of  ohmic  contacts  on  the  marked 
materials  of  n-  type  conductivity  does  not  evoke  difficul¬ 
ties,  Metals  in  that-the  work  of  exit  is  smaller  than  elec¬ 
tronic  affinity  of  semiconductor  should  be  used  for  this. 
The  most  suitable  materials  of  communication  are  nickel 
and  cobalt  [1]. 

For  the  materials  of  p-  type  it  is  not  so  clear.  None¬ 
theless  in  both  cases  the  preparation  of  surface  of  semi¬ 
conductor  thermoelement  in  combination  with  the 
process  of  coating  of  communication  layer  plays  the 
determining  role.  As  communication  layer  on  the 
materials  both  n-  and  p-  tyjtes  conductivity  it  is  worth 
while  to  use  the  mentioned  above  materials. 
Estimational  calculations  of  junction  re.sistance,  for 
example  the  contact  Ni-  Bi^Te^  p-  type  conductivity, 

give  the  value  of(3,0  -  3,2)1  0  '' nc/n 'Ghat  is  quite 
satisfactory.  The  predominant  mechanism  of  transfer  is 
thermofield  emission. 

In  this  work  it  is  presented  the  results  of  metalliza¬ 
tion  of  the  thermoelement  branches  on  the  basis  of  sys¬ 
tem  Bi-Sb-Te-Se  by  nickel  and  cobalt  with  the  use  of 
combined  in  indivisible  technological  cycles  of  processes 
of  ionic  processing  of  surface  of  semiconductor  and  ionic 
coating  of  the  layer  of  metal. 

As  the  way  of  working  up  of  surface  and  coating 
the  layer  it  was  used  abnonnal  glow  discharge  on  the 
direct  current  in  environment  of  argon  in  the  range  of 
pressures  50-100  Pa.  The  preliminary  discharging  in  the 
work  chamber  on  the  level  of  1  O  '  Pa  was  reached.  For 
the  work  of  the  regimes  of  commutation  it  was  used  the 
models  of  profile  monocrystals,  obtained  by  the  directed 
crystallization.  The  thickness  of  branches  was  0,1 -0,5 
mm,  the  direction  of  planes  of  soldemess-  along  the  axis 
of  growth.  The  models  after  cutting  on  the  electrospark 
discharge  machine  were  exposed  to  the  polishing  on  the 
micropowders  of  oxide  of  aluminum  (marks  M-20  and 
M-10)  with  the  following  electrochemical  processing.  The 
structure  characteristics  of  surface  of  thennobranches 
and  metal  layers  were  investigated  with  the  help  of 
optical  and  electron  microscopy,  and  composition  with 
methods  of  electronography  and  second  ion-ionic 
emission  (SHE)  with  the  magnetic  division  of  secondary 
ion.  The  investigations  were  executed  with  the  help  of 
continuous  measurement  of  intensity  of  corresponding 
ionic  picks  by  ionic  sputtering  of  the  investigated  surface. 
The  electrophysical  properties  of  contact  were  estimated 
by  the  results  of  measuring  of  transitional  contacting 
resistance  which  was  accomplished  by  two-probing 
method  on  the  alternating  current.  The  threshold  of 
sensibility  was  by  conductivity  of 

thermoelectric  material  on  the  level  of  1  O' Q  'em  '  . 

The  mechanical  characteristics  of  commutational 
contacts  were  estimated  by  the  results  of  adhesion  data, 
received  with  the  help  of  explosive  machine  with  the 
speed  of  explosion  50//  m  /  min  • 


For  .selection  of  conditions  of  processing  and  sput¬ 
tering  of  metal  layer  at  first  the  volt-ampere  character- 
i.stics  of  glow  discharge  applied  to  used  geometry  of  dis¬ 
charging  chamber,  materials  and  environment  were 
taken.  The  investigations  of  kinetic  of  sputtering  and 
precipitation  of  nickel  and  cobalt  showed  that  the  speed 
of  precipitation  was  growing  both  with  increase  of  dis¬ 
charge  current  (I)  or  current  density  and  tension  of  dis¬ 
charge  combustion  that  is  with  increase  of  discharge 
specific  capacity  (Fig.  I). 


— ^1-<xbcdt 
■HD— 2-nickd 
■— ^r-3-oobrft 

— 


I.  mA 


Rg.1  Cepsnc^icecf  spssdof  predpdtEticnof 
rickd  sidcc±Bft  from  oondtiorw  of  glow 

It  was  arranged  the  regimes  in  which  the  reduction  of 
speed  of  precipitation  happened  (Fig.  1,  curves  4,  5,  6).  It 
can  be  connected  that  with  increase  of  ion  energy  the 
part  of  knocked-on  atoms  increases  which  energy  is 
sufficiently  for  the  autodespersion  of  precipting  material 
that  is  the  process  of  growing  is  accompanied  by  its 
partial  sputtering  [2,  3].  The  calculation  values  of 
coefficient  of  precipitation  are  satisfactory  conformed 
with  experimental  data.  For  the  energy  of  ions  600  eV 
the  coefficient  of  sputtering  is  1,52  and  1,36  for  nickel 
and  cobalt  accordingly.  The  .speed  of  ionic  sputtering  of 
semiconductor  matcnal  changed  in  limits 
0.05-1.20// m//  ' depending  on  composition  of  the 
model  and  parameters  of  discharge. 

Structural  and  X-ray  investigations  of  metallized 
thennobranches  showed  that  by  the  tension  of  discharge 
combustion  more  than  3  kV  and  density  of  discharge 
current  more  than  m  A  cm  '  on  the  surface  of 
metallization  layer  it  is  observed  the  suqjlus  tellurium  at 
the  expense  of  transition  of  anode  material 
(thennoltranch)  atoms  part  in  gas  phase  and  the  follow¬ 
ing  conden.sation  on  the  surface  of  growing  layer. 

From  the  analysis  of  distribution  spectrum  of  sec¬ 
ondary  ions  of  metallized  thennobranches  by  the  depth 
of  branch  with  the  help  of  the  SHE  method  it  follows 
that  for  the  cobalt  it  is  observed  more  fluent  distribution 
and  for  the  nickel  it  is  marked  the  sharp  decrease  of  its 
concentration  on  the  depth  of  400-500  nm.  Mass- 
spectomeric  analysis  of  composition  and  concentration 
distribution  of  metals  showed  the  absence  of  component 
of  thermoelements  on  the  metallized  surface.  The 
concentration  of  tellurium  on  the  distance  of  10-15  nm 
from  the  surface  of  thennobranch  approximately  is  in 
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25-30  time  smaller  than  in  volume  of  thennobranch. 


solder 


metal 


thermoelement 


Fig. 2  The  character  of  potential  change  along  the 
specimen  of  metallized  thermobranch 

The  character  of  potential  change  along  the 
specimen  of  metallized  thennobranch  is  shown  on  the 
fig. 2.  The  section  "lid"  corresponds  to  the  high-ohm 
transitional  layer,  arising  in  commutation  zone,  that  can 
be  identified  with  contact  resi.stance.  Prepared  for  the 
measurement  specimen  is  presented  as  molding  with  area 
of  diametrical  section  1x1  mm’  and  length  of  10  mm. 
To  the  specimen  (semiconductor/mctal)  from  both  sides 
it  was  soldered  contacts  consisted  of  solder  on  the  basis 
of  bismuth.  The  thickness  of  metal  layers  was  0, 8-1,0  |im. 

So  the  metallization  of  the  thennoelemcnt  branches 
by  ionic  .sputtering  in  glow  discharge,  combined  with 
ionic-etching  of  thennoelement  branches  surface  allow 
by  far  to  decrease  the  value  of  transitional  contact  resis¬ 
tance.  The  use  of  new-’  ionic  jirocesses  for  the  receix  ing  of 
coinmutational  contact  to  the  thennobranch  allows  to 
guarantee  the  value  of  adhesion  on  the  level  of  50- 
80 A:gczn  ’for  the  diUcrent  investigated  semiconductor 
materials. 
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The  Film  Structures  on  the  T''  B''Compounds-base  for  Thermoelectric  Transformers 
Y.G.  Polystanskiy,  G.D.  Kuznetsov,  V.A.  Evseev 
State  Institute  of  Steel  and  Alloys,  Moscow,  1 17936,  Russia 


In  conneeiion  with  diminution  ol'electronie  appara¬ 
tus  need  in  small-sized  Teed  sources  and  measuring 
transfonners  of  reverse  tie  feedback  system  has  emerged. 
With  their  help  it  is  possible  to  carry  out  the  reequipment 
of  the  measuring  apparatus  of  alternating  current  on  the 
base  of  creation  of  digital  apparatus  of  high  accuracy 
and  rajrid.  Analogous  improvement  can  be  reached  in 
other  apparatuses-  thennsensors  and  sensitive  elements 
for  measurement  of  jiressurc,  the  gas  expenditure, 
humidity  and  etc. 

For  the  elaboration  of  the  elTective  thin  film 
thcnnoelcmcnts  on  the  basis  of  perspective  combina¬ 
tion.'!"  and  technological  methods  of  their  obtain¬ 
ing  with  reproducing  properties  the  physieochcmical  in¬ 
vestigations  are  necessary  with  the  aim  of  controlling 
the  fonning  of  compositions  of  assigned  composition, 
doping,  adhesion,  macrodefects  in  films.  The  complex 
investigation  of  the  properties  of  thin  films  Pbl’e,  PbTe- 
SnTe,  GeTe,  obtained  in  the  process  of  vacuum  evapo¬ 
ration  on  the  dielectric  layers  (mica-muscovite, shall, 
polyamide,  a 

The  method  of  evaporation  of  the  preliminary 
doped  material  was  used.  The  p-  and  n-  type  conductiv¬ 
ity  thin  films  with  the  thickness  of  (0,5- 1,0)  p/n  in  the 
charge  carriers'  concentration  range 

(M  0'*-l'20^“)  cm  ’ were  obtained.  The  technological 
conditions  of  obtaining  of  thin  films  were  worked  out. 
The  alloyed  additions  Na,  I,  In.  ushered  in  initial 
material  were  used  in  obtaining  of  thin  films  on  the  basis 
otPbTe. 


0  20  40  60  80  100120  140160180200  220240260280 

lerrperature.T^  C 

Flg.1  The  temperature  dependenc?  of  thermo  emf  coefficient 
and  filma  conductivity  of  tetiurld  of  p- type  conductivity  lead 


temperature  T'  K 

Fig. 2  The  temperature  dependence  of  thermo  emf  and 
conductivity  of  films  PbTo  of  n«  type  conductivity 


On  the  fig.  1 ,2  it  is  presented  the  temperature  de¬ 
pendence  of  the  eociricient  of  thcnno-clectromotive  force 
and  conductivity  of  the  films  Pb'Fe  n-  and  p-  type  con¬ 
ductivity.  From  the  brought  dependencies,  it  is  seen  that 
temperature  motion  of  shown  value  does  not  quality 
differ  from  the  similar  dependence  for  the  volume  model. 
Extremely  perspective  material  for  use  in  branches  of 
Ihcnnocleinent  is  solid  solution  on  the  basis  of  tclluride 
of  lead  and  tin. 

The  significance  of  concentration  of  the  charge  earner  in 
alloys  pb,  ^SnJ'e  can  be  changed  in  broad  limits  by 
regulation  of  composition. 


Fig.3  Eloctrophysica)  properties  of  films  of  solid  solutions 
in  dependence  from  their  composition 


On  the  fig.3  it  is  shown  diagram  composition-property  of 
films  of  solid  solution  Pb^_^SnJ’e  ■  As  it  can  be  seen 
from  this  diagram  maximum  significance  of  coefficient 
of  thermo-clectromotive  force  has  films  with  following 
composition:  I'ft?  (n- type  conductivity).  Inver¬ 

sion  of  sign  of  conductivity  locates  by  x=  0,2-0,17.  More 
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high  extreme  significance  of  coefficient  of  thermo¬ 
electromotive  force  in  films  shows  that  their  composition 
is  nearer  to  stoichiometric  correlation  of  components 
than  it  is  in  volume  crystal. 

1600 
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BOO  ^ 
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400 
200 

0  I-  t-  I  1-1-  i -i-  1  -I  'l  0 

107  200  300  400  500 

temperature,  T  “K 

Fig.4  The  temperature  dependence  of  thermo  emf 
coefficient  and  conductivity  fiims  of  p-  and  n-  type 
conductivity 


400 


On  the  fig. 4  there  is  presented  the  temperature  de¬ 
pendence  of  coefficient  of  thermo  electromotive  force 
and  conductivity  for  the  thin  films  of  both  types  of  con¬ 
ductivity.  For  chosen  compositions  the  same  regularities 
of  temperature  dependence  could  be  observed. 

As  the  effective  material  for  p-  branch  of  film 
thermoelement  it  can  be  taken  GeTe,  alloyed  Bi  or  In. 

10  mol%Bi,  h=1  um  -i  -i 

CT,  Qcm 


Fig.5  Dependence  of  thermoelectricai  parameters 
of  films  from  the  quantity  of  doping  additions  of 
bismuth 


Flg.6  Dependence  of  thermoelectricai 
parameters  of  films  from  the  quantity  of 
bismuth  additions 


On  the  fig. 5, 6  it  is  shown  the  electrophysical  properties  of 
thin  films  GeTe  in  dependence  from  the  contents  of 
doping  additions  and  conditions  of  their  obtaining. 

So  sufficiently  wide  set  of  materials  in  the  state  of 
thin  films  with  different  thennoelectric  properties  and 
technological  conditions  of  their  obtaining  can  be  offered 
that  allows  to  select  the  branches  of  thermoelement  for 
the  concrete  device. 

PbTe,  alloyed  Na  (p-  tyije)  and  I  (n-  type)  are 
recommended  for  the  film  transformer  that  works  in 
range  of  temperatures  (273-573)  K.  For  the  transformer 
that  works  in  nonnal  conditions,  the  solid  solution 
Pb^_^SnJ'e  n-  and  p-  type  conductivity  of  correspond¬ 
ing  composition  both  without  preliminary  alloying  and 
doped  with  In.  As  the  positive  branch  of  thermoelement 
GeTe  (Bi,  In)  characterized  by  high  significance  of 
conductivity  is  highly  prospective. 

Elaborated  materials  in  the  form  of  thin  films, 
technological  regimes  of  synthesis  of  initial  substances 
and  processes  of  obtaining  of  film  structures  found 
practicable  use.  PbTe,  doped  with  indium,  (n-  type  con¬ 
ductivity)  and  GeTe,  alloyed  by  bismuth  (p-  type  con¬ 
ductivity)  are  used  as  the  branches  of  thermoelectric  dif¬ 
ferential  transfonner  (TET). 

TET  is  intended  for  transformation  of  alternating 
tension  of  arbitrary  form  into  direct  tension,  propor¬ 
tional  to  midsquare  significance  of  alternating  current. 
Transfonner  is  used  in  entrance  device  of  digital 
voltammeter  of  alternating  current.  Exit  parameters  of 
TET;  transformation  coefficient  is  (6-8)  mV -mW  , 
exit  resistance  is  not  more  than  5,0  kfi. 

The  solid  solutions  of  system  Pb,_„SnJ'e  and 
methods  of  their  obtaining  in  the  form  of  thin  films  were 
used  in  elaboration  and  making  of  film  susceptible  ele¬ 
ments  for  the  registration  of  thermal  streams  with 
intensiveness  up  to  1,0  W  !  cm  ^  ■  The  main  characteris¬ 
tics  of  apparatus  practically  do  not  depend  on  the  body 
temperature  that  allows  to  use  it  without  second  trans- 
fonnation  apparatus. 
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INVESTIGATION  OF  ENERGY  SPECTRUM  AND  PROPERTIES  OF  LEAD  CHALCOGENIDES  IMPLANTED  BY 

OXYGEN 


A.N.Veis  ,  N. A. Suvorova 

St.  Petersburg  State  Technical  University,  195251,  Russia 

In  this  paper  the  total  number  of  optical  properties  of  monocrystalline  and  polycrystalline  (pressed)  samples 
of  PbSe  implanted  with  oxygen  ions  and  annealed  in  vacuum  for  an  hour  at  T=300°C  has  been  investigated. 
It  was  shown  that  the  oxygen  forms  the  energy  level  which  lays  in  valence  band  in  all  lead  chalcogenides 
with  the  energy  level  position  0.18±0.02eV;  0.16+0.02eV  and  0. 145+0. 02eV  at  T=300K  in  PbTe,  PbS  and 
PbSe,  respectively.  The  long-explored  level  connected  with  chalcogen  vacancy  was  revealed  in  the  valence 
band  along  with  feature  which  can  be  connected  with  oxygen  action.  This  result  testifies  that  the  oxygen  in 
lead  chalcogenid  exhibits  acceptor  properties  compensated  by  chalcogen  vacancy. 


Introduction 

Annealing  of  lead  chalcogenides  in  oxygen  or  air 
atmosphere  known  as  “activation”  is  being  used  for  a  long  time 
to  create  photosensitive  films  on  basis  of  lead  chalcogenides 
[1-3].  That  is  why  many  attempts  have  been  made  to  study  the 
oxygen  action  features  and  the  extent  of  oxygen  influence  on 
lead  chalcogenides  energy  spectrum.  In  most  causes,  objects  of 
such  investigations  were  polycrystalline  of  lead  sulphide.  It  was 
revealed  that  oxygen  implanted  in  films  occupied  chalcogen 
vacancy  (V,,i,).  This  fact  made  it  possible  to  assume  that  hole 
conductivity  type  in  activated  films  was  caused  by  lead 
vacancies.  Another  model  associates  hole  conductivity  type 
with  action  of  oxygen  as  acceptor 

Different  effect  investigated  (mainly  photoelectrical 
ones)  allowed  to  assume  the  existence  of  two  deep  levels  in 
energy  gap:  recombination  and  adherence  ones]  1-3]. 

Assumption  that  these  levels  are  associated  with  intercrystalline 
layers,  along  which  the  current  flows  in  activated  films,  seems 
to  be  the  most  reasonable.  Otherwise  if  the  both  levels  associate 
with  oxygen  action  ,  the  appearance  of  two  deep  levels  in 
narrow  gap  can  not  be  explained. 

Thus,  numerous  experimental  investigations  of 
activated  polycrystalline  PbS  films  did  not  allow  to  define 
exactly  both  mechanism  of  oxygen  action  and  energy  spectrum 
of  impurity  in  lead  chalcogenides  .  That  is  the  reason  of  our 
decision  to  continue  the  study  of  this  problem  in  the  present 
paper.  However,  instead  of  annealing  in  air.  or  oxygen 
atmosphere  we  chose  ion  implantation  as  method  of  doping. 
The  advantage  of  this  method  consist  in  possibility  to  introduce 
various  impurities  and  intrinsic  defects  with  high  degree  of 
layer  homogeneity. 


Experimental 

As  object  of  investigation  we  used  monocrystalline 
and  poly  crystal  line  films  of  lead  chalcogenides  with  various 
composition  and  quantity  of  doping  impurities  in  initial 
mixture.  Doping  of  starting  samples  was  used  to  control  the 
chalcogenide  vacancy  concentration  V,.^  .  The  increase  of 
vacancy  concentration  was  obtained  by  adding  acceptor 
impurities  T1  and  Na,  superstoichiometry  excess  lead  Pb^^  and 
tin  in  small  quantities  (less  2  atomic  %)  into  the  initial  mixture. 
The  decrease  was  achieved  either  by  deviation  of  stoichiometry 


up  to  the  highest  hole  concentration  available  for  this  method 
of  doping  ,  or  by  introduction  T1  and  Na  into  initial  mixture. 


Fig.l  Spectral  dependencies  a(hv)  in  PbTe:  Tl,  Te^^  (1-3,5)  and 
p-PbTe,  doping  by  deviation  of  stoichiometry  (4)  at  T=300K. 

1  -  initial  samples 

2- 4  -  implanted  samples 
5  -  implanted  Zn*  samples. 

Post  implantation  annealing: 

2  -  without  annealing 

3- 5  -  with  annealing. 

NoXlO  '^  cm'^:  1  -  0;  2  -  1.85;  3,4  -  3.7;  5  -  0.185. 
a  magnitudes  were  multiplied  by  2,  3,  10  and  25  for  curves  2, 
3,  4  and  5,  respectively. 

The  process  of  O*  implantation  was  carried  out  into  a 
previously  prepared  optical-grade  surface.  The  implanted 
impurity  doses  N„  were  varied  in  the  range  (  1.25-3.70  )xl0''’ 
cm’^.  Post-implantation  annealing  was  performed  in  vacuum 
for  an  hour  at  T=300“C.  The  thickness  of  implanted  samples 
was  reduced  to  d=3-6mkm  by  mechanical  treatment  of  the 
opposite  (unimplanted)  side.  Using  thus  prepared  samples  the 
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sign  of  thermoelectrical  power  coefficient  S,  and  also  optical 
absorption  coefficient  a(hv)  and  reflection  R(X)  spectra  were 
measured.  The  optical  spectra  were  investigated  in  all  stages  of 
doping  and  annealing. 


Results  and  discussion 

Some  experimental  results  obtained  on  PbTe,  PbSe 
and  PbS  are  shown  in  Fig.  1,2.  The  spectra  a(hv)  of  the 
absorption  coefficient  of  the  initially  p-type  samples  (Fig.  1,2) 
are  typical  and  have  three  singularities:  a  component  a^L  due  to 
optical  transitions  of  electrons  between  inequivalent  extrema  of 
a  valence  band  and  S5),  a  band  ao  associated  with  tallium 
(in  PbTe:  Tl,  Te„  samples)  and  a  band  a4  associated  with 
(in  lead  chalcogenides,  doped  with  Tl  or  Na  and  Pbe^  or  in 
Pbi.,SnxSe(S)  x<0.05).  The  absence  of  bands  a^  in  PbTe:  Tl, 
Te^x  implies  absence  of  strong  self-compensation  of  tallium 
acceptor  action  by  chalcogen  vacancies.  The  O  implantation 
was  accompanied  by  inversion  of  conductivity  type  p->n.  It  is 
confirmed  not  only  by  change  of  sign  S  but  by  spectra  a(hv)  as 
well.  In  these  spectra  (Fig.l,  curve  2)  the  characteristic  bell¬ 
shaped  quasilocal  bands  of  additional  absorption  associated 
with  singlet  Oj  and  doublet  a2  terms  of  Vj,],  [4]  are  clearly 
observed.  The  contribution  of  an  unimplanted  part  of  samples 
is  presented  by  the  tallium  bands  ao. 


hv,  eV 

Fig.2  Spectral  dependencies  a(hv)  in  PbSe  (1,2),  PbS  (3)  and 
Pbo.ojSnoosS  (4,  5)  at  T=30OK. 

1,4-  initial  samples 

2,  3,  5  -  implanted  O*  samples  (N,,  =  1.25xl0'*  cm'^)  and 
annealed  in  vacuum. 

a  magnitudes  were  multiplied  by  2  for  curve  3  and  by  4  for 
curves  4  and  5. 

It  is  interesting  to  note  that  the  intensity  of  ai  and  a2 
bands  associated  with  V^.,,  in  implanted  but  not  annealed 


samples  of  lead  chalcogenides  was  found  to  be  small, 
considerably  less  than  that  in  PbTe(S):  Zn*  (Ar*)  [4].  It  means 
that  the  oxygen  implantation  does  not  allow  to  create 
considerable  concentrations  of  intrinsic  defects  in  lead 
chalcogenides,  which  considerably  exceeds  lo’*  cm'^. 


E,eV 


Fig.3  Energy  scheme  of  PbTe:  Tl,  Te^,;  in  initial  state  (1),  after 
ion  implantation  before  (2)  and  after  annealing  (3)  in  vacuum. 
The  arrows  identify  the  observed  optical  transitions  due  to 
appearance  of  additional  absorption  bands  in  optical  spectra. 
The  optical  charge  transfer  energy  of  O*  and  quasilocal 
centers  in  lead  chalcogenides  at  T=300K  (4). 
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The  annealing  of  samples  was  accompanied  by  the 
inversion  of  conductivity  type  n->p.  In  this  case,  such  bands  a4 
and  new  bell-shaped  singularities  appear  in  spectra  a(hv)  of 
all  samples.  One  of  the  bands  studied  above,  namely  a4,  was 
observed  in  numerous  experiments  earlier  (for  example  [5,6]), 
the  other  (a3)  has  not  analogues  in  literature.  It  points  to  that 
the  new  quasilocal  levels  Ej  exist  in  implanted  and  annealed 
samples.  These  levels  possibly  correspond  to  oxygen.  The 
increase  of  aj  bands  intensity  depends  on  rise  of  implanted 
impurities  dose  and  concentration  in  initial  mixture 
(Fig.  1,2)  and  this  fact  confirms  proposed  assumption.  Such 
assumption  is  consistent  with  existing  model  in  which  oxygen 
occupies  the  chalcogen  lattice  sites.  The  only  unusual  feature 
can  be  noted  in  experimental  data.  All  spectra  a(hv)  have  both 
components  and  components  04,  associated  with  Vj,,.  The 
intensity  of  bands  04  increases  after  implantation  and  annealing 
in  samples  with  elevated  V^h  concentration.  As  far  as  is  known 
[7],  the  vacuum  annealing  with  such  regimes  usually  tends  to 
eliminate  the  radiation  point  defects.  This  effect  was  observed 
in  present  work  in  investigation  of  p-PbTe  implanted  with  Zn* 
and  annealed  in  vacuum  for  an  hour  at  T=300°C  (Fig.l,  curve 
5).  However  annealing  of  O*  implanted  samples  of  lead 
chalcogenides  did  not  eliminate  the  intrinsic  defects.  This  fact 
is  the  evidence  that  oxygen  has  acceptor  action  which  is 
compensated  by  chalcogen  vacancy. 

The  energy  position  of  levels  associated  with  bell 
shaped  singularities  was  determined  using  the  method  given  in 
Ref 4.  The  results  were  united  in  Fig.3.  Notice  that  the  energy 
E4  magnitudes  in  studied  samples  agree  with  literature  data  [6]. 
The  energy  E4  magnitude  decreases  with  reduction  of 


temperature  to  90K  (the  rate  of  reduction  is  close  to  dE4/dT 

[6]). 
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Lead  telluride  (PbTe)  thin  films  are  attractive  for  applications  in  thermoelectric  micro  generators  due  to  high  values  of  the 
product  of  an  electrical  conductivity  cr  by  thermoelectric  power  a.  Thin  PbTe  film  were  grown  by  conventional  evaporation 
at  the  surface  of  mica  substrate.  Hall  coefficient  Ri,  electrical  conductivity  a  and  thermoelectric  power  a  of  the  films  were 
measured  immediately  after  film  formation,  during  heat  treatment,  cooling  and  the  pressure  increase  in  the  growth  chamber. 
Structure  and  phase  composition  of  the  film  were  controlled  by  X-ray.  The  film  morphology,  density  of  a  stable  nucleuses 
and  features  of  coalescence  were  studied  be  optical  and  electron  microscopy.  PbTe  films  were  polycrystaline  with  well  defined 
orientation  of  the  grains  -  (100)  or  (111)  PbTe  ||  (OOOl)mica,  the  second  one  was  preferential.  A  carrier  concatenation  in  the 
surface  layer  of  the  PbTe  film  was  essentially  dependent  from  preparation  conditions.  Rx,  a  and  cr  changed  dramatically  during 
increase  of  the  pressure  in  the  growth  chamber  due  to  oxygen  molecules  adsorption  at  the  surface  of  the  film.  High  anizotropy 
of  the  thermoelectric  power  was  detected  for  the  PbTe.  films  when  the  surface  layer  had  inverse  conductance.  The  difference 
between  a  measured  in  the  plane  of  the  substrate  and  along  the  normal  to  that  was  up  to  200pV'/K. 


Thin  films  n-  PbTe  have  the  high  values  of  a^  a  at  T=300K. 
This  fact  is  promising  in  using  these  films  in  miniature  ther¬ 
moelectric  generators  and  microcoolers. 

The  processes  occured  on  free  surfaces  have  the  substantial 
influence  on  the  electrophysical  properties  on  the  films  PbTe. 
The  film  properties  depend  on  their  internal  structure  also. 
The  type  of  structure  is  defined  by  the  type  of  a  substrate 
(orienting  or  nonorienting)  and  the  conditions  of  a  deposition 
(the  temperature  of  a  subst-ate  and  crucible,  etc.). 

The  films  with  a  thickn  :ss  of  0.45/im  were  prepared  us¬ 
ing  a  method  of  the  open  crucible  deposition  in  a  vacuum 
1  •  10“®  Torr.  The  fresh  sample  of  mica  ’’muskovit”  was  used 
as  a  substrate.  The  temperature  during  a  condensation  was 
equal  to  445±5K.  After  a  deposition  some  films  were  subjected 
to  a  heat  treatment  at  T=600±5K  in  vacuum  during  30  min¬ 
utes. 

For  nucleus  forming  at  the  initial  stage  of  condensation  of 
the  PbTe  layer  two  preferential  orientations  were  substantial  - 
(100)  and  (111)  II  (0001)  of  mica  such  that  the  latter  was  the 
main  one.  While  the  mass  of  condensed  substance  increased 
the  coalicion  of  the  separate  nucleus  occured  and  their  density 
decreased  in  3-5  times.  Fig.l  (a,  b)  shows  the  nucleus  of  PbTe 
before  the  coalicion  started  (a)  and  during  the  coalicion  (b). 
Fig.l  (c)  shows  the  surface  morphology  of  the  PbTe  film.  Fig. 2 
presents  the  diffraction  image  (0  —  20)  for  the  PbTe  film  on 
the  (0001)  mica.  The  parameter  of  a  lattice  is  close  to  the 
corresponding  parameters  of  the  original  material.  The  insert 
on  the  Fig. 2  shows  the  (222)  reflex  of  PbTe.  This  reflex  is 
narrow,  CuK  ai^2  is  clearly  distinguished,  which  implies  the 
perfect  structure  of  a  film. 

For  studies  of  the  electrophysical  properties  of  films  the  same 
camera  was  used  as  for  the  deposition.  These  measurements 
were  taken  on  the  freshly  made  films,  during  the  process  of 
a  heat  treatment  in  vacuum  and  under  increasing  pressure  in 
the  camera  up  to  760  Torr.  Fig. 3  shows  the  obtained  data  for 
a  and  p  =  . 

The  obtained  plots  can  interpreted  in  terms  of  two-layer 
model.  A  film  is  consisted  of  two  layers.  Each  layer  is  charac¬ 
terized  by  its  own  set  of  electrophysical  parameters.  Fig. 4 
schematically  shows  such  film:  cTj,  R^,  ris  are  electri¬ 
cal  conductivity,  thermopower,  the  Hall  coefficient  and  the 


concentration  of  carriers,  correspondingly  in  the  surface  layer 
d\  —  L  d  ,  and  Ci,,  a,,,  -  are  electrical  conductiv¬ 

ity,  thermopower,  the  Hall  coefficient  and  the  concentration 
of  carriers,  correspondingly  in  the  whole  volume  of  the  film 
d2  —  d—L.  The  total  electrical  conductivity  and  thermopower 
may  be  represented  as  follows: 


<TsL  +  cr^{d  -  L) 
d 


(1) 


tt  —  -b  (Qj  -I- 


L  ■  cr, 
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(2) 


where  a  from  (1). 

Fig. 3  shows  the  dependence  of  the  thermopower  coefficient 
for  the  freshly  deposited  n-PbTe  film  when  a  pressure  in¬ 
creased  from  10“®  to  750  Torr.  The  increasing  of  a  at  the 
initial  moment  (the  part  AH)  is  due  to  the  increasing  of  the 
absolute  value  of  a,  because  of  the  decreasing  of  the  concen¬ 
tration  of  electrons  n,  in  the  surface  layer.  The  decreasing  of 
n,  is'due  to  neutralization  of  the  surface  vacancies  of  Te  by 
oxygen  which  has  the  donor  properties  in  PbTe  and  to  local¬ 
ization  of  electrons  on  the  centers  filled  with  an  oxygen  [1]. 

From  the  equation  (2)  follows  that  the  changes  in  a  which 
are  due  to  the  decreasing  of  the  concentration  of  electrons  in 
the  surface  layer  can  be  estimated  by  the  following  relation¬ 
ship: 


Aa  =  a  —  a„ 


k  In^ 

;[L+^(d-L)]L_i 


(3) 


This  relationship  is  true  in  conditions  of  degenerative  elec¬ 
tron  gas.  A  concentration  of  electrons  in  investigated  freshly 
deposited  films  n-PbTe  was  5  ■  10^^  cm®  at  the  temperature 
T=300K  which  is  follows  from  the  data  on  the  Hall  coefficients. 
Figure  shows  calculated  data  for  a  and  p  when  the  ratio  riy/n, 
increased  from  0.2  to  1.0  (curve  2)  derived  using  relationships 
(2)  and  (3).  From  the  comparisons  of  the  experimental  data 
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and  calculated  results  it  follows  that  the  increasing  of  a  on 
50  — 60/iV^/K  is  only  possible  if  the  ratio  n^/n,  had  a  value  0.2 
-  0.3  before  the  pressure  increasing  in  camera  which  means  that 
the  surface  layer  of  the  freshly  deposited  films  PbTe  formed 
on  the  heated  substrates  (T>540K)  is  enriched  by  electrons. 
The  growth  of  as  is  stopped  when  nonground  carriers  begin  to 
substantial  influence  on  the  conductivity  of  the  surface  layer, 
ctj  is  positive  when  near  a  surface  of  a  film  the  layer  with  the 
inverse  (p-type)  conductivity  is  formed.  The  increasing  of  cr, 
leads  to  the  decreasing  of  a  and  p  according  to  (2)  and  (3) 
(the  part  CD  on  the  plot). 

The  heat  treatment  of  films  in  vacuum  also  leads  to  an  en¬ 
richment  by  electrons  of  a  surface  layer  of  the  films 
This  fact  could  be  demonstrated  by  the  data  on  a  thermopower 
coefficient  during  the  heat  treatment  in  vacuum  at  the  tem¬ 
perature  540  K  during  120  min.  During  the  heat  treatment 
in  vacuum  the  surface  layer  is  enriched  by  a  metal  due  to  re¬ 
evaporation  of  Te  which  cause  the  increase  of  electron  conduc¬ 
tivity.  At  the  beginning  of  a  measurements  (  p  =  0.6Q  ■  cm. 
Fig. 3)  the  surface  layer  had  an  electron  conductivity,  while 
the  duration  of  heat  treatment  increased  the  product  a,  •  L  in¬ 
creased  monotonically.  The  decreasing  of  a  and  increasing  of 
p  at  the  initial  moment  (part  EP)  indicates  that  in  the  course 
of  heat  treatment  the  increasing  of  a  surface  layer  conductiv¬ 
ity  is  accompanied  by  the  decreasing  of  cr  due  to  decreasing 
of  a  concentration  and  mobility  of  holes  in  the  film  volume. 
The  decreasing  of  a  concentration  of  holes  in  the  film  volume 
is  caused  by  the  increasing  of  a  concentration  of  Te  vacancies 
due  to  a  diffusion  towards  a  free  surface. 

The  results  obtained  indicate  the  substantial  dependence  of 
the  thermopower  of  films  PbTe  on  a  concentration  and  mobil¬ 
ity  of  the  charge  carriers  in  the  surface  layer. 

Creation  and  investigation  of  films  having  anisotropic  ther¬ 
mopower  IS  a  matter  of  interest  due  to  a  development  of  rapid 
thermoelectric  converters,  n-  and  p-PbTe  films  having  nonuni¬ 
form  concentration  of  carriers  could  be  used  in  the  sensitive 
elements  of  anisotropic  detectors  of  a  heat  flux.  Longitudi¬ 
nal  thermopower  e  appearing  in  a  film  thermoelectric  system 
under  conditions  where  temperature  gradient  is  normal  to  a 
substrate  plane  could  be  represented  by  the  following  expres¬ 
sion  [2] 


e  ~  {axKy  -  ayKs:)sin2ip  (4) 

where  ,  ay  ,  Kx  ,  Ky  are  components  of  thermopower 
and  thermoconductivity  tensors,  tp  is  an  angle  between  the 
substrate  plane  and  the  preferred  cristallographic  direction  in 
a  film,  A  necessary  condition  for  anysotropic  converters  are 
being  highly  sensitive  is  a  substantial  anysotropy  of  thermo¬ 
electric  parameters  and  an  optimal  angle  (p  as  follows  from  (4). 
The  anysotropy  of  a  thermopower  Aa  =  a^  —  ay  may  be  due 
to  the  characteristics  of  the  initial  material,  the  properties  of 
a  crystallic  structure  of  formed  layers,  presence  of  concentra- 
tional  inhomogeneities  [3],  etc. 

One  of  the  examples  of  inhomogeneous  system  is  a  film  the 
surface  layer  of  which  has  inverse  conductivity.  If  the  spe¬ 
cific  thermoconductivity  is  uniform  over  all  film  volume  then 
a  measured  along  ”x”  and  ”y”  could  be  represented  by 

a  sCT  sdg  ayCr^dx 
^gds  -|-  (Tyd^ 


asdg  aydy 


If  the  thickness  of  a  surface  layer  is  significantly  smaller  than 
the  thickness  of  a  film  (d,  <  d„)  then  from  (5)  and  (6)  follows 

Aa  =  |(a„  -  Q,)  ■  (cr,  -  (7) 

<T  •  a 

where  da  —  cr,ds  +  ffydy  ,  d  —  d,  +  dy  . 

In  the  formed  films  due  to  a  deviation  from  stoichiometry 
we  changed  a  concentration  of  the  charge  carriers  in  a  wide 
range  varying  the  difference  of  temperatures  of  sublimation 
of  a  source  material  and  condensation  of  vapor  phase  on  a 
substrate.  The  freshly  made  condensates  were  subjected  to  a 
heat  treatment  in  vacuum  in  order  to  form  a  PbT e  layer  on  a 
film  surface.  In  the  course  of  heat  treatment  the  surface  layer 
and  parts  which  were  close  to  the  cristallite  borders  were  Te 
depleted  due  to  its  reevaporation  [4],  Because  of  the  surplus 
of  Pb  in  PbTe  possesing  a  donor  activity,  the  conductivity 
of  a  surface  layer  becomes  electronic  after  the  heat  treatment 
and  the  areas  near  the  crystallite  borders  depleted  the  main 
carriers.  In  order  to  form  a  layer  with  the  p-type  conductivity 
in  a  surface  layer  of  the  PbTe  films  condensates  were  exposed 
to  air  during  10  days  under  room  temperature. 

As  follows  from  the  data  on  a  Hall  coefficient  for  the  freshly 
made  films  a  concentration  of  charge  carriers  n  didn’t  exceed 
5  •  and  their  Hall  mobility  were  less  than  80  %  from 

the  corresponding  values  for  monocrystalls  PbTe.  As  a  lattice 
thermal  conductivity  of  PbTe  is  isotropic  and  doesn’t  depend 
on  a  concentration  of  charge  carriers  for  n  <  5  •  10^®cm"®  and 
a  contribution  of  charge  carriers  into  heat  transport  is  small 
we  can  assume  that  The  changings  of  electrbphysical 

parameters  of  the  PbTe  films  during  a  process  of  formation  of  a 
layer  with  the  inverse  conductivity  were  studied  by  authors  in 
[5,6].  In  the  films  n-PbTe  under  conditions  of  an  absorption 
of  the  oxygen  molecules  on  their  free  surface  a  thickness  of 
the  surface  layer  with  the  inverse  conductivity  is  of  the  same 
order  of  magnitude  as  a  Debay  length  of  shielding  which  is 
much  smaller  than  d.  A  type  of  temperatures  dependencies 
of  under  conditions  of  impure  conductivity  also  points  to  the 
small  values  of  d, . 

Measured  on  the  n-PbTe  films  having  a  surface  layer  with 
a  p-type  conductivity,  Aa  occured  to  be  close  to  0.  As  fol¬ 
lows  from  the  data  (see  Fig. 5)  for  the  studied  layers  the  elec¬ 
trical  conductivity  and  a  thermopower  coefficient  dependen¬ 
cies  on  temperature  were  characteristic  to  n-PbTe  material. 
It  means  that  electrophysical  properties  of  these  films  under 
T<300K  were  determined  by  parameters  of  a  layer  with  the 
n-type  conductivity.  Under  conditions  cr,ds  <C  cTydy  «  ad  and 
{asay)d,  -C  ad,  the  Aa  values  should  be  close  to  O'  which  is 
supported  by  the  experimental  data.  The  Aa  value  measured 
on  the  p-PbTe  films  having  a  surface  layer  with  a  n-type  con¬ 
ductivity  reached  200/rF/K.  Fig. 6  shows  the  dependencies  of 
a  and  a  for  the  corresponding  p-PbTe  film.  The  areas  closed 
to  the  crystallite  borders  in  the  layer  with  p-type  conductivity 
are  lack  of  Te  and  present  itself  the  potential  barriers  for  the 
main  carriers.  That  is  why  the  increase  of  electrical  conductiv¬ 
ity  with  the  increase  of  temperature  is  observed  for  T<300K. 
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where  (p  -  the  height  of  the  potential  barriers  on  the  crys¬ 
tallite  borders. 

Scattering  of  holes  on  potential  barriers  decreases  the  con¬ 
ductivity  of  layer  with  the  p-type  conductivity  which  leads  to 
the  increasing  of  the  relative  contribution  of  a  surface  layer 
into  film’s  electrical  conductivity.  While  the  temperature  de- 
crecises  this  contribution  increases.  The  areas  contiguous  to 
the  borders  of  grains  are  enriched  by  Pb  and  don’t  have  strong 
influence  on  the  mobility  of  electrons.  The  increasing  contri¬ 
bution  of  a  surface  layer  having  n-type  conductivity  in  films 
p-PbTe  with  a  decreasing  of  temperature  can  explain  the  high 
relative  values  of  the  derivative  da/d  for  T<300K  as  well  as 
the  changing  of  the  sign  of  a  and  a  type  of  temperatures  de¬ 
pendence  of  cr  for  T  w  240K. 

Thus,  due  to  the  high  values  o-j  comparing  to  the  product 
{(T^—av)-d  is  comparable  to  a  d  already  for  T  ss  300  K,  Because 
the  difference  (a^  —  Oj)  was  in  the  range  500 -t-  TOQ/iV/K  the 
value  reached  several  hundred  micro  Volts/degree  according  to 

(5). 

The  results  obtained  imply  a  substantial  dependence  of  elec¬ 
trophysical  properties  of  thin  films  PbTe  on  the  processes  tak¬ 
ing  place  on  their  free  surface.  Films  PbTe  having  inhomo¬ 
geneous  concentration  may  possess  a  pronouced  anysotropy  of 
thermoelectric  parameters. 

As  it  was  mentioned  above,  for  a  creation  of  the  high  sensi¬ 
tive  anysotropic  film  converters  an  optimal  orientation  of  axes 
”x”  and  ”y”  in  a  layer  of  a  thermoelectrical  material  with  a 
reference  to  the  plane  of  thermal  detector  has  the  basic  signif¬ 
icance.  Grains  on  the  free  surface  have  an  orientation  (100) 
and  appeared  as  the  tetrahedral  peaks  [7J  (see  Fig.l  a,  b). 
This  type  of  a  surface  of  the  growth  of  PbTe  films  enhance  a 
formation  of  anysotropic  film  structures  having  necessary  ori¬ 
entation.  The  main  difficulty  here  is  the  creation  of  a  different 
concentration  of  the  charge  carriers  on  the  opposite  sides  of 
grains. 
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Figure  1:  (h)  I^hl'c  grains  during  coalescence. 
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Figure  2;  Difractogramma  (0  —  20)  for  the  PbTe  film  on  the 
(0001)  mica.  On  insert  :  (222)  reflex  PbTe. 
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Figure  3:  Experimental  data  for  a  and  p  =  c 
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Figure  5:  The  temperature  dependence  of  an  electric  conduc¬ 
tivity  and  a  thermopower  for  PbTe  films  having  n-type  (1,4) 
and  p-type  (2,3)  conductivity  in  the  whole  volume  and  surface 
layer  with  inverse  conductivity. 


Figure  4:  A  film  consisted  of  two  layers.  Each  layer  is  charac¬ 
terised  by  its  own  set  of  electrical  parameters. 
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Thermoelectric  generator  (TEG)  -  a  non  -  conventional  source  of  energy  today  available  in  the  market  are  generally 
made  from  high  purity  expensive  materials  such  as  PbTe,  BijTe^  etc.  For  wide  industrial  and  socio-economic 
applications  it  is  essential  to  have  low  cost  TEG.  In  this  attempt  we  have  tried  to  fabricate  TEG  from  galena  ores(rich 
in  PbS).  Though  its  figure  of  merit  is  low  (Z  -  0.6  X  Iff’  /deg.)  its  occurrence  in  nature  prove  that  it  can  be  used 
as  a  low  cost  TEG  while  has  some  unique  applications.  It  has  been  r^lised  that  electrical  contact  is  one  of  the  main 
problems  in  achieving  the  desired  results.  This  p^jer  mainly  reports  the  results  of  electrical  contact  on  the  thermo 
elanents  made  from  galena  collected  from  various  mines  of  Jndia.  We  have  studied  various  properties/parameters 
of  electrical  contacts  made  from  a  variety  of  metals  on  n  &  p  type  galena  thermoelements.  It  has  been  found  that 
Ni  [work  function  W(Ni)  =  5.15  ev]  arid  Sb  [  W(Sb)  =  4.55  ev]  are  promising  materials  for  electrical  (ohmic) 
contact  The  electron  affinity  %  =  4.6  ev  and  band  gap  Eg=0.41ev  have  been  found  for  our  galena  sample  which  are 
very  close  to  those  of  pure  PbS.  We  have  also  found  that  work  function  W^  :5  4.6  ev  (for  contact  with  n-type)  and 
Wj^  fc  5.01  ev  (for  contact  with  p-type  galena)  satisfy  the  general  conditions  for  metal-semiconductor  ohmic  contact. 
Our  further  studies  on  the  effect  on  environmental  conditions  (mechanical,  thermal,  humidity  etc.)  on  contact  show 
no  significant  degradation  of  the  contacts/elements  with  time.  Our  detailed  studies  of  contact  mechanism  on  TEG 
module  are  discussed  in  our  p^r. 


Themo-electric  generator  can  be  used  to  convert  h^ 
energy  into  electrical  energy  from  industrial  waste 
heat  and  sunrays.  Thus  it  has  rome  unique 
^}pli(^ons  in  industry,  space  vehicles  and  rural 
develojanenL  For  wide  industrial  and  socio-economic 
^jplirations  it  is  very  essential  to  develop  low  cost 
TEGs  ^jecially  for  poorer  countries.  With  this  point 
of  view  we  have  selected  Indian  galena  ores  which  is 
available  in  India.  Realising  the  potential  benefits  for 
India^R&D  Division  of  MECON  (I)  Ltd.,  Ranchi  and 
nr,  Kharagpur  jointly  conducted  extensive  studies  to 
exploit  the  thermoelectric  properties  of  Indian  galena 
[1-8]. 

But  the  main  problem  is  electrical  contact. 
To  tnake  a  TEG  of  5W  or  more  we  have  to  inter- 
cormect  the  thermoelements  electrically.  So,  we  have 
to  put  metallic  ccmtact  (cdunic)  cm  both  the  sides  of  n 
&  p-type  thermoelements  which  are  basically 
semiconductors  (PbS).  This  paper  reports  the  studies 
of  Ni  contact  on  p-t3q5e  and  Sb  contact  on  n-type 
galena  thermo-elements. 


TSsoary 

There  is  no  doubt  that  we  must  choose  metals  as 
contact  material.  But  which  metals  for  which  type 
(n/p)  of  semiconductor.  The  general  condition  foi 
mctal-saniconductor  ohmic  contact  is  4>a  ^^ofor  n- 


type  semiconductor  and  (()„  a  <})p  for  p-type 
semiconductor.  Where  =  work  function  of  metal; 
<j)o&  (J)p=  work  function  of  n  &  p-type  senicondctors 
respectively.  Nov/ 

4>„=  X  (Ec  -  Ep, ) 
and 

4>p=  X  +  (Ec  -  Ej^  ) 

wheren  x  ~  electron  affinity  of  the  semiconductor 
and  &  Epj,  =  Fermi  levels  of  n  &  p  type 
semiconductor.  For  heavily  doped  n-  type 
semiconductor  -  Epj,  -  0  and  for  heavily  doped  p- 
typs  semiconductor  E^.  -  Epp  “Eg  i.e.  the  band 
gap.  Therefore, 

X  and  4'p^  X  +  Eg. 

For  galena  the  measured  x  =  4.6  ev  and  Eg  =  0.41  ev. 
So,  (j)„  “  4.6  ev  and  (j)p  =  4,6  +  0.41  ev  =  5.01  ev.  So, 
the  condition  for  metal  galena  ohmic  contact  is  <[),„  i 
4.60  ev  for  contact  with  n-type  and  (j),^  ^  5.01  ev  for 
contact  with  p-type  galena. 

From  table  of  work  functions  of  metals  we 
find  Antimony  (Sb)  has  4)s^  =  4.55  ev  and  Nickel 
(Ni)  has  (|)p,|  =  5.15  ev.  So  we  choose  Sb  for  contact 
with  n-type  and  Ni  for  contact  with  p-typs  galena 
thermoelements. 

Expsiiiaiitssatel  ©stdib 

Galena  chunk  and  concentrate  were  collected  from 
Hindustan  Zinc  Ltd.  ,  Udaypur  (Rajasthan).  Powder 
of  different  particle  size  was  made  from  galena 
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chunk  by  mechanical  grinding  in  the  agate-mortar  and 
sieving  them  by  different  sieves  of  different  mesh 
size.  Galena  chunk  is  n-type  in  nature.  So  we  trxrk 
chunk  powder  of  mesh  size  -  120  to  +  150  BSSt 
(particle  size  -128  x  10*’  to  +102  x  10*’  nm)  to  make 
thermoelements  (n-type).  We  take  galena  concentrate 
powder  of  mesh  size  -240  to  +300  B.S.S.  (particle 
size  -64  xlO*’  to  +51  x  10*’  nm)  to  make  p-type 
thermoelements.  Our  thermoelements  are  cylindrical 
pellets  having  length  -  0.01  m  and  diameter  6.3  x 
10"’  m.  The  pellets  are  formed  using  cold  press 
isostatic  hydraulic  press,  applying  a  pressure  upto  2  x 
10^  N/m^.  Nickel  and  Antimony  powder  was  obtained, 
rubbing  on  small  metal  sheets  by  jeweller's  file.  The 
powder  was  put  at  the  two  ends  of  the  pellets  at  the 
time  of  making  pellets  with  the  help  of  die-punch. 
Thus  a  thin  layer  of  metallic  contact  was  obtained  at 
the  two  ends  of  the  pellets.  These  pellets  were 
sintered  in  an  argon  atmosphere  for  4  hrs.  at  584  “C 
for  Sb  contact  and  at  682  “C  for  Ni  contact.  The 
temperature  was  measured  with  the  help  of  a  Cromel- 
Alumel  thermocouple  kept  inside  a  tubular  quartz 
furnace  and  the  constant  temperature  was  maintained 
with  the  help  of  a  temperature  controller  [  Aplab 
model  no.  -  9601].  The  room  temperature 
thermoelectric  power  (TEP)  of  p-type  and  n-type 
pellets  were  obtained  by  measuring  the  thermo  emf 
with  the  help  of  a  d.c.  microvoltmeter  with  an  input 
impedance  of  1  M  JV.  [  model  MV  -  022]  and  the 
sample  holder  designed  and  fabricated  in  laboratory. 
The  resistance  was  measured  by  a  microprocessor 
based  LCR  -  Q  meter  (  Aplab  -  4910  ).  These 
electrical  jarameters  were  also  measured  for  both  p- 
type  and  n-tyiw  pellets  and  for  both  with  and  without 
contacts.  The  electron  affinity  x  of  galena  pellets  was 
obtained  from  standard  table  and  the  nature  of  i.e. 
band  gaps  of  galena  was  measured  previously  by  the 
method  of  fundamental  absorption  edge  at  300  K. 


Without  contact  Dia.=6.3  x  10’ m 


I 

1  (mv) 

T„ 

(mv) 

TEP 

(MV/K) 

Resis 

-tance 

(Q) 

Length 

(cm) 

(Q-  1 

cm)  1 

1  0.94 

0.54 

68 

1.072 

1.08 

0.309  1 

!  Q.58 

0.56 

40 

1211 

1.00 

0.694  1 

1 

0.50 

72 

1.882 

1.03 

0.570  1 

1  AVERAGE 

60 

0.168  ^ 

With  contact 

Dia.=6.3  X  10’’  m 

V 

’TH 

(mv) 

T„ 

(mv) 

TEP 

(tlV/K) 

Resis¬ 

tance 

(Q) 

Length 

(cm) 

T\ 

cm) 

1.00 

0.58 

67 

0.391 

1.07 

0.114 

0.82 

0.54 

60 

0.320 

1.05 

0.096 

1.40 

0.56 

97 

0.639 

0.94 

0.212 

022 

0.54 

16 

0.832 

1.04 

0250  1 

AVERAGE 

60 

0.168  1 

In  the  second  set  we  took  5  pellets  without  contact 
and  5  pellets  with  contact.  They  were  sintered  at  605 
“C  fir  4  hrs.  The  results  are  shown  below: 

N.  B.  :  VjH  =  the  thermo  emf  of  each  pellet  when 
one  end  is  kept  at  room  temperature  and  the  other  end 
is  held  at  higher  temperature. 

Th  =  the  thermo  emf  in  the  thermocouple  measured  in 
the  temparature  of  hot  junction.  It  is  converted  to 
temperature  in  degrees  using  calibration  table. 

Without  contact  Dia.=6.3  x  lO"’  m 


Kesults  and  Discusston 

a)  Contacts  with  Sb  on  n-type  pellets  : 

Here  two  sets  of  data  are  being  given.  In  the  1st  set 

Vto 

(mv) 

T„ 

(mv) 

TEP 

(PV/K) 

. IS 

Resis¬ 

tance 

(Q) 

Length 

(cm) 

P  i 
(Q-  1 

cm)  1 

we  put  three  pellets  of  type  n  without  contact  and 
four  with  contact  on  a  fire  brick  and  sintered  at  the 
same  time  for  four  hours  at  589  “C.  The  result  is  as 

1.3 

0.50 

102 

0.605 

1.12 

0.168  1 

2.0 

0.48 

163 

0530 

1.01 

1.164  1 

follows 

1.4 

0.40 

136 

0565 

1.12 

0.157  1 

15 

052 

113 

0.615 

1.05 

0.183  1 

2.6 

0.64 

160 

0.460 

1.11 

0.129  1 

AVERAGE 

135 

0.160  1 

180 


With  contact  Dia.=6.3  x  10'^  m 


1 

T„ 

TEP 

Resis- 

Length 

"p”  j 

i 

taace 

(Q- 

1  (mv) 

(mv) 

(pV/K) 

(Q> 

(cm) 

cm) 

1 

0.42 

102 

0.118 

1.11 

0.033  1 

1  I.OO 

0.34 

115 

0.118 

1.11 

0.033 

1 

0.32 

107 

0.120 

1.02 

0.037  1 

1 

0.42 

139 

0.127 

1.04 

0.038  j 

1 

0.42 

139 

0.145 

1.09 

0.042  j 

1  AVEBAOB 

120 

0.037 

b)  Contact  with  Ni  on  p-types  pellets  : 

Here  also  we  are  giving  two  sets  of  data.  In  the  1st 
set  we  took  3  pellets  without  Ni  contact  and  3  pellets 
with  Ni  contact.  Both  of  p-type  were  sintered  at 
682  “C  for  4  hrs.  The  results  are  given  below  : 


Without  contact  Dia.=6.3  x  10’ m 


1  Vto 

T„ 

TEP 

Resis- 

Length 

P 

tance 

(Q 

1  (mv) 

(mv) 

(pV/K) 

(Q) 

(cm) 

cm) 

2.8 

0.50 

218 

21.0 

1.12 

5.84 

3.0 

0.56 

209 

12.75 

1.07 

3.71 

3.0 

0.60 

196 

18.37 

1.08 

530 

AVERAGE 

208 

4.99 

With  contact  Dia.-6.3  x  10"’  m 


Vto 

T„ 

TEP 

Resis- 

Length 

tance 

(mv) 

(niv) 

(pV/K) 

(Q) 

(cm) 

B 

3.0 

0.52 

225 

5.20 

1.10 

1.47 

125 

0.68 

72 

12.80 

1.13 

3.53 

2.4 

0.56 

167 

4.70 

1.17 

1.25 

AVERAGE 

155 

mm 

In  the  2nd  set  we  took  3  p-type  pellets  without 
contact  and  3  p-type  pellets  with  contacts.  They  were 
sintered  at  682  "C  for  4  hrs.  The  results  are  shown 
below  : 


Without  contact  Dia.=6.3  x  10’ m 


V™ 

(mv) 

T„ 

(mv) 

TEP 

(UV/K) 

Resis¬ 

tance 

(Q) 

Length 

(cm) 

P 

(Q- 

cm) 

4.0 

0.60 

261 

14.30 

1.06 

4.205  1 

3.2 

0.60 

209 

1370 

1.06 

4.020  1 

3.5 

0.58 

236 

16.36 

1.14 

4.474 

AVERAGE 

235 

4^36 

With  contact  Dia.=6.3  x  lO’ m 

V-iH 

(mv) 

1 

TEP 

(pV/K) 

Resis¬ 

tance 

(Q) 

Length 

(cm) 

P 

(Cl¬ 

em) 

1.10 

0.52 

83 

12.0 

1.06 

3.529  1 

2.60 

0.92 

112 

6.335 

1.03 

1.923  1 

1.65 

0.82 

80 

6.055 

1.04 

1.815  1 

AVERAGE 

02 

2.422 

Discussion 

So  we  see  that  in  each  cases  for  n-type  as  well  as  p- 
type  the  resistance  of  pellets  with  contact  material  is 
less  by  2  to  4  time  than  the  resistance  of  pellets 
without  contact.  This  confirms  that  the  contacts  are 
ohmic  in  nature.  So  there  will  be  no  potential  barrier 
if  we  make  electrical  coimections  between  them. 

Cofflctecosii 

As  we  said  earlier  the  contact  problem  is  one  of  the 
main  hurdles  to  fabricate  TEG  from  galena,  we  look 
this  problem  as  a  serious  challenge  and  we  have 
solved  it.  Now  our  TEG  will  have  lesser  internal 
resistance.  So  the  power  generation  will  be  more 
using  same  no  of  pellets.  We  kept  these  pellets  with 
contact  for  days.  Even  after  that  there  is  no  significant 
change  in  resistivity  and  TEP.  Another  thing  is  to  be 
noticed  that  as  soon  as  resistance  is  lowered  the  TEP 
is  also  decreased.  But  TEP  is  not  decreasing  at  the 
same  rate  of  the  decrement  of  resistance.  As  for 
example  in  the  1st  set  of  (a)  resistance  is  lowered  by 
3  times  (app.)  but  TEP  is  same.  In  the  2nd  set  of  (a) 
resistance  is  lowered  by  4  times  (app.)  but  TEP  is 
lowered  by  15  pV/K  only.  On  the  contrary  the 
decrement  of  TEP  is  more  in  the  case  of  contact  with 
Ni  on  p-type  pellets  [  see.(b)  ], 
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RELIABILITY  AND  DEFECTS  IN  PbTe-BASED  MATERIALS 
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'  Istitiito  Scienze  Fisiche,  Parma,  Italy 
^  World  Laboratory,  Vilnius,  Lithuania 
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The  figure-of-merit  of  PbTe-based  materials  varies  in  a  some  range  of  values.  The  comparison  of  the  electrical 
properties,  related  to  single  crystals,  grown  by  vertical  Bridgman  technique  at  different  growth  rates  and  annealed, 
suggests  that  free  convection  can  play  a  significant  role  in  this  phenomenology. 


Introduction 

It  is  well  known  that  the  figure-of-merit  Z  is  a  function  of  the 
carrier  concentration  and  temperature.  For  a  chosen 
temperature  range,  the  highest  value  of  Z  is  obtained  when 
the  optimal  carrier  concentration  is  uniformly  distributed  in 
the  thermoelement.  In  this  case,  the  maximum  reliability  is 
reached,  if  the  constituents  are  in  thermal  equilibrium.  For  a 
specific  chemical  composition  of  a  single  crystal  growing 
from  the  melt,  the  crystal  growth  velocity  (V)  and  the  thermal 
field  of  the  grow'th  apparatus  are  the  parameters  used  for 
controlling  the  distribution  of  the  components  and, 
consequently,  the  physical  properties  of  the  solid  phase.  In 
fact  these  parameters  control  the  heat  transfer  and  mass 
transport  at  solid-melt  interface.  Further  improvement  of  the 
reliability  of  the  materials  involves  a  better  understanding  of 
the  transport  phenomena  in  the  melt. 

Forced  convection  is  absent  in  the  vertical  Bridgman 
method,  characterized  by  the  cooling  of  the  melt  from  the 
bottom.  In  this  case  heat  and  mass  transfer  would  talce  place 
via  heat  conduction  and  ionic  diffusion  only.  However  the 
presence  of  mixing  by  free  convection  can  induce 
spontaneous  temperature  oscillations  in  the  melt,  which 
produce  random  compositional  fluctuations. 

Different  types  of  fuid  motion  may  be  present,  due  to: 

-  concentrational  convection, 

-  thermal  convection, 

-  thermocapillary  convection, 

-  capillary-concentrational  convection, 

-  misalignement  of  ampoule  axis  and  direction  of  gravity 
force 

-  not  axis-symnretric  heating. 

On  the  other  hand,  only  the  flat  shape  of  the  solid-melt 
interface  in  the  vertical  Bridgman  growth  is  compatible  with 
a  purely  diffusive  solute  transport.  In  practice,  a  flat-shape 
rarely  forms  [1].  Other  factors  that  affect  the  shape  are  not 
always  obvious,  but  some  are  inherent  to  the  same  grorvth 
method.  For  instance,  the  interface  shape  is  affected  by  the 
difference  in  the  thermal  conductivities  of  the  melt  and  the 
solid  and  by  the  release  of  the  latent  heat  at  the  solid-melt 
interface.  When  the  thermal  conductivity  of  the  melt  is 
greater  than  that  of  the  solid,  the  charge  is  cooled  by  the 
crucible  and  therefore  the  interface  shape  is  concave  toward 
the  melt  [2].  Briefly,  different  convective  motions  are 
produced  by  departure  from  mechanical  equilibrium  and  can 


occur  simultaneously,  affecting  thus  one  another  and  causing 
random  variation  of  component  distribution. 

In  this  work  we  show  that  the  figure-of-merit  of  PbTe  single 
crystals,  having  the  same  nominal  carrier  concentration, 
varies  in  a  some  range  of  variability.  The  free  convection 
may  be  the  main  cause  of  the  variation  of  the  electrical 
properties.  The  values  of  the  concentration  gradient  at  solid- 
melt  interface  of  the  Pbi.xSnj.Te  system  (LTT),  the 
Rayleigh  and  Prandtl  dimensionless  parameters,  the  carrier 
concentration  and  mobility  both  of  as  grown  and  of  annealed 
single  crystals,  are  in  agreement  with  the  supposed  free 
convection. 


Figure-of-merit. 

Fig.  1  shows  the  figure-of-merit  of  some  n-type  and  p-typc 
single  crystals  of  Na  doped  PbTe  (p-type)  and  Cl  doped 
PbTe  (n-type).  The  single  crystals  have  been  grown  using  V 
=  8.33  ■  10‘3  cm/min  and  thermal  gradient  G  =  20°C/cm. 
Crystals  having  the  same  carrier  concentration  (SxlO^^ 
cm'^)  have  been  selected.  Z  of  each  sample  varies  from  tliat 
of  the  other  samples  in  value  and  in  temperature. 

Free  Convection 

There  are  the  following  criteria  to  evaluate  the  presence  of 
the  free  convection  in  the  melt  during  the  growth.  They  give 
information  about  the  onset  of  the  instability. 

-  The  Diffusional  Boundary  Layer.  For  all  cases  of 
solidification  with  convection  present,  one  can  consider  the 
onset  of  a  steady  state  concentration  gradient  of  the  element, 
which  segregates  at  solid-melt  interface.  This  gradient  is 
assumed  to  form  through  diffusion  in  a  layer  of  a  limited 
thiclcness,  5,  ahead  of  the  solidification  front,  apart  from 
which  mixing  is  taken  to  be  complete.  In  the  case  of  the 
growth  by  vertical  Bridgman  method,  it  is 

5  =  10a Pr^^-^Sc^-^[Gr  +  {Pr  / &)“'  G/-)"*” 
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where  a//  is  the  aspect  ratio,  DA^  is  the  decay  distance  of  the 
exponential  concentration  gradient  ahead  of  the  solid-melt 
interface,  Pr  is  the  Prandtl  number.  Sc  is  the  Schmidt 
number,  Gr  is  the  Grashof  number. 


For  the  system  Pbi.^Sn^Te  (0,1  <  x  <1)  grown  at  V  = 
8.33x10‘3  cm/min  and  T  =  20°C,  the  caleulated  5  values  are 
in  agreement  with  those  of  the  partial  melt  mixing  by  free 
convection  (lxlO‘2  cm  <  8  <  2.5xl0’2), 

Two  other  conditions,  that  indicate  the  onset  of  free 
convection  induced  by  temperature  oscillations,  are 


Ra  =  ~^  >103 

K 

Pr  =  ^<  0.1 
K 


300  500 

temperature,  “C 


where  Ra  is  the  Rayleigh  number,  c  is  the  specific  heat,  g  is 
the  gravity  acceleration,  K  =  thermal  conductivity,  rj  is  the 
viscosity,  AT  is  the  ehange  in  temperature  between  the 
interface  and  bulk  liquid. 

Both  conditions  are  satisfied:  for  Pbg  83^1^0  lyTe,  Ra  = 
4.5x10^  and  Pr  =  5xl0‘2.  For  different  stoichiometry,  these 
values  do  not  change  significantly. 

-  The  retrograde  solubility.  The  preeipitation  of  cations  (in 
metal-saturated  solid)  or  anions  (in  tellurium-saturated  solid) 
on  the  dislocations  occurs,  when  the  temperature  goes  down 
to  room  temperature  after  crystallization.  It  is  due  to  the 
decrease  of  the  homogeneity  range.  In  this  way  the 
precipitation  of  the  majority  component  by  annealing  at 
lower  temperatures  (~  400°C)  would  result  in  the  decrease  of 
the  majority  carrier  concentration. 

To  remove  the  contribution  of  these  effects,  the  samples  have 
been  prepared  by  this  method:  single  crystals  have  been 
grown  from  stoichiometric  PbTe  and  PbQ  55^110  35Te  melts, 
at  very  low  velocity  (1  mm/day).  In  this  conditions,  the 
criterion  (1)  is  not  satisfied  and  the  constitutional 
supercooling  is  avoided,  p-type  samples  (2x3x9  mm^, 
dislocation  density  ~  10^  cm"2)  were  obtained  from  the  ingot 
part  corresponding  to  the  solidification  fraction  x  =  0.25  (see 
Fig.  2)  where  the  stoichiometric  variation,  due  to  the  normal 
segregation,  can  be  neglected  [3],  The  curves  of  Fig.  2  were 
calculated  by  the  formula 

g,  -  {q  - C/-  +  0.5(C3  - C,) g,  +  0.5(C^  - Cf ) g3-f ■  •  •+ 
following  the  method  reported  in  [3]. 


Fig.  1.  Figures  of  merit  of  some  PbTe  single  crystals,  a)  p- 
type  PbTe;  b)  n-type  PbTe.  The  carrier  concentration  of  each 
sample  (p-  or  n-type)  is  3x10^^  cm'^  at  room  temperature. 
Growth  velocity  V  =  8.33x10"^  cm/min,  temperature 
gradient  G  =  20°C/cm. 


Fig,  2.  Distribution  of  lead  and  tin  in  Pbj.xSnxTe  single 
crystals  grown  from  a  completely  mixed  melt.  The  curves  1) 
have  been  calculated  for  PbQ  55800  35Te  starting  melt 
composition;  the  curves  2)  have  been  calculated  for 
PbQ  75800  25Te  starting  melt  composition. 


184 


Table  1 


Materials 

Amiealing 

time,  days 

P 

10^^  cm"^ 

P 

cm^  V  ^  sec" 

PbTe  (2.0  mm  thick) 

0 

7.1 

600 

PbTe  (1.5  mm  thick) 

0 

2.2 

820 

PbTe  (1.0  mm  thick) 

0 

4.9 

725 

LTT  (2.0  mm  thick) 

0 

58.8 

210 

LTT  (1.5  mm  thick) 

0 

65.4 

190 

LTT  (1.0  mm  thick) 

0 

36.0 

280 

PbTe 

20 

1.8 

870 

LTT 

20 

70.0 

180 

PbTe 

40 

3.2 

660 

LTT 

40 

50.6 

350 

PbTe 

60 

3.0 

760 

LTT 

60 

59.0 

300 

PbTe 

80 

4.4 

680 

LTT 

80 

30.2 

410 

PbTe 

100 

2.0 

820 

LTT 

100 

64.0 

220 

SEM  and  microscopic  analysis  of  the  chemical  etched 
samples  do  not  show  specific  defects  (grain  boundaries 
microphases).  The  carrier  concentration  and  mobility  of 
samples,  submitted  to  repeated  thinnings  (2  mm,  1,5  mm,  1 .0 
mm)  have  been  measured.  After  electrical  measurements,  the 
specimens  have  been  submitted  to  the  annealing  in  inert 
atmosphere  at  400°C.  The  annealing  was  stopped  by  water 
quenching  for  periodic  measurements  of  carrier  concentration 
and  mobility  by  the  cross-modulation  technique.  The  samples 
were  analyzed  every  twenty  days  for  five  times  (100  days 
armealing).  According  to  thermoelectric  power 
measurements,  this  time  is  by  far  long  enough  for 
precipitation  process.  Both  the  as  grown  samples  and  the 
annealed  samples  showed  erratic  variation  of  the  electrical 
properties  (see  Table  1).  Consequently,  this  behavior  cannot 
be  ascribed  to  the  precipitation  process.  Conversely,  these 
data  support  the  hypothesis  that  the  free  convection  plays  an 
important  role  in  the  formation  of  unhomogeneity  in  solids. 


References 

[1]  C.L  .Jones,  P. Capper,  J.J.Gosney,  Themial  modelling  of 
Bridgman  ciy'stal  growth.  Journal  of  Crystal  Growth,  1982, 
V.  52,  pp.  581-590, 

[2]  T.Jasinski,  A. F. Witt,  On  control  of  the  crystal-melt 
interface  shape  during  growth  in  a  vertical  Bridgman 
configuration.  Journal  of  Ciy'stal  Growth,  1995,  v.  7,  pp. 
295-304. 

[3]  R.Breschi,  V.Fano,  l.Ortalli,  K.Pozela,  Solid  state 
reciystallization  by  unidirectional  cooling  of  Pbi.^Sn^Te- 
type  pseudobinary  systems.  Proceedings  of  13th  International 
Conference  on  Thermoelectrics,  Kansas  City,  to  be 
published. 


185 


FROM  ORE  TO  THERMOELECTRIC  GENERATOR  :  A  STUDY  ON  INDIAN  GALENA 


Shuchitangshu  Chatterjee'  and  H.N.  Acharya^ 

^R&D  Division.  MECON  (India)  Ltd.  Ranchi-834002.  India.  Phone  -  (0651)  501865,  Fax  -  91-651-502214/502189 
^Department  of  Physics,  Indian  Institute  of  Technology,  Kharagpur-72 1 302,  India,  Phone  -  (03222)  2221-2224/5917 

Fax  -  91-3222-2303 

The  main  thrust  of  our  research  is  to  undertake  a  critical  study  and  to  improve  significantly  the  thermoelectric 
properties  of  Galena  which  is  readily  available  in  India.  This  R&D  study  will  lead  to  development  of  cheap  and 
reliable  thermoelectric  generators  and  other  useful  devices  widely  used  in  the  industry,  defence,  cathodic 
protection  in  gas  pipeline,  communication,  etc.  The  immediate  thrust  is  directed  to  the  development  of  industrial 
designs  and  fabrication  of  prototype  products  for  various  applications. 

This  project  is  a  continuation  of  our  earlier  project  on  the  development  of  Indian  Galena.  Galena  is  the  principal 
lead  mineral  found  in  many  countries  including  India  and  Australia.  Thermoelectric  studies  on  Indian  Galena 
have  established  that  elements  made  under  various  conditions  have  very  encouraging  properties  needed  to 
fabricate  thermoelectric  generators.  The  processing  technology  developed  has  been  embodied  in  nine  Indian 
Patents.  This  paper  reports  the  results  so  far  achieved  for  thermoelements  from  Indian  Galena. 


Introduction 

Galena  is  the  principal  lead  mineral  found  in  many  countries 
including  India  and  Australia.  In  India,  proven  reserves  of 
galena  is  more  than  100  million  tonnes.  Zawar  and  Rajpur- 
Dariba  mines  in  Rajasthan  and  Bandalamottu  in  Andhra 
Pradesh  as  well  as  various  other  parts  of  the  country  have  good 
quality  galena  in  large  quantities.  These  reserves  can  be 
gainfully  exploited  not  only  for  the  lead  content  of  the  ore  but 
also  for  new  materials  that  make  use  of  the  semiconducting  and 
electrical  properties  of  galena  for  diverse  industrial  uses. 

In  1971,  Bear  and  Barclay  studied  Australian  galena  [1-3]. 
Their  studies  were  directed  to  the  use  of  compact  sulphide 
concentrates  as  electrodes  in  electro-winning  of  metals  and  for 
other  electrochemical  applications.  Later,  Landecker,  trying  to 
use  galena  as  n-type  arm  of  a  thermoelectric  generator  [4,5] 
encountered  many  problems.  It  was  also  observed  by  Landecker 
that  under  some  circumstances  the  substance  was  explosive,  but 
we  do  not  know  which  particular  impurity  was  responsible  for 
its  explosive  nature. 

There  are  many  semiconducting  materials  suitable  for 
thermoelements  at  moderate  temperatures.  All  these  materials 
are,  however,  expensive  and  not  readily  available,  although 
from  performance  considerations,  some  of  these  materials  may 
be  the  most  appropriate  choices.  On  other  hand,  natural  lead 
sulphide  (galena  ore)  is  available  in  India  in  large  quantities. 
Galena  is  obtainable  in  various  forms,  and  though  it  has 
thermoelectric  power  capacity  of  considerable  magnitude,  its 
electrical  resistivity  was  too  high  for  use  as  thermoelements. 

Realizing  potential  benefits  for  India,  R&D  Division  of 
MECON  (I)  Ltd,  Ranchi  and  Indian  Institute  of  Technology  , 
Kharagpur  took  up  a  joint  R&D  project  for  developing  2w  and 
5w  thermoelectric  modules  based  on  Indian  galena.  A  drastic 
reduction,  nine  orders  in  magnitude,  in  the  resistivity  of  doped 
samples  was  achieved  -  i.e.  from  Mega  Ohin-cm  to  milli  Ohm- 
cm  and  other  parameters  such  as  thermoelectric  power  (a  )  and 
thermal  conductivity  (K)  were  optimised.  Tlie  avoidance  of  the 
necessity  of  using  high  purity  starting  material  is  thus  another 
plus  point.  Apart  from  consdierations  of  cost  in  purifying  the 
starting  material  as  in  the  case  with  the  present  material, 
another  obvious  advantage  of  these  thermoelectric  generators 
(TEGs)  is  that  these  cover  a  much  wider  range  of  the  unutilised 
solar  spectrum  and  waste  heat.  In  view  of  the  substantial  cost 
difference  between  present  by  used  materials  and  our  material 
(galena),  thermoelectric  generator  made  from  galena  may 
turnout  to  be  quite  competitive.  This  paper  reports  the  results  so 
far  achieved  for  thermoelements  from  Indian  galena 


Experimental  Details 

The  details  of  the  sample  preparation,  property  measurements, 
sample  analysis  have  been  reported  elsewhere  [6-10], 

Results  and  Discussion 

For  preparing  the  two  arms  of  thermoelectric  generators,  two 
types  of  ore  have  been  used  which  were  collected  from  Zawar 
Mines,  Rajasthan  (India).  One  type  of  ore  used  was  the 
crystalline  galena  (natural  galena  aggregate)  available  in  some 
regions  of  the  mines  and  the  other  was  galena  concentrate, 
which  is  normally  used  for  manufacturing  lead.  This  ore  is 
beneficiated  by  separating  galena  by  froth-floating  technique. 

The  electrical  properties  of  natural  galena  aggregate  and  some 
typical  pellets  at  room  temperature  are  shown,  in  flow  chart  1. 
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FLOW  CHART  1 


‘n’  -  type  conduction 

Resistivity  varying  from  1.5-10  ohm-cm 

TEP  vary  ing  from  100-400  p  V  /  K  at  R.T. 

Low  green  strength,  exploded  within  the  temperature 
range  620  K  to  640  K _ 


* 

* 

* 

♦ 
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Flow  Chart  D 


FLOW  CHART  HI 


AFTER  SINTERING  /  VACCUM  HOT  PRESSING,  AT  OPTIMUM  TEMPERATURE,  DURATION, 
OPTIMUM  PARTICLE  SIZE,  WITH  PROPER  DOPANT 


GALENA  AGGREGATE 

*  p„  — >  3-5  mini  ohm-cm 

*  a„  ^  190-200  pV/K 

*  K„  ->  5.2-5.5x10'^  cal/sec-cm-K 

*  Density  — >  7. 1-7.5  gm/cc 

*  Z„  ~  0.61xl0''/K 


GALENA  CONCENTRATE 

*  Pp  10-15  milli  ohm-cm 

*  Up  230-240  pV/K 

*  K„  5.3-5.9x10^  cal/sec-cm-K 

*  Density  6.9-7.2  gm/cc 

*  Zp  ~  0.3xl0'^/K 


The  room  temperature  electrical  properties  of  some  typical 
pellets  made  from  Galena  Concentrate  are  shown  in  flow  chart 

II. 

The  room  -  temperature  electrical  properties  of  some  typical 
pellets  from  Galena  aggregate  and  galena  concentrate  with 
proper  dopant,  optimum  particle  size,  after  sintering  /  vaccum 
hot  pressing  at  optimum  temperature  are  shown  in  Flow  Chart 

III. 


Conclusion 

The  results  obtained  in  this  study  indicate  that  now  it  would  be 
possible  to  prepare  low  cost  galena  based  thermoelectric 
generator,  which  might  be  of  much  use  to  specific  civilian 
applications,  urban  as  well  as  rural,  and  have  strong  defence  use 
potential. 
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Cmshing  strength,  Young’s  Modulus  and  Natural  frequency  of 
some  typical  sintered  pellets  made  from  galena  aggregate  and 
galena  concentrate  are  shown  in  Table  1. 


TABLE  -  1 

Type  of  Crushing  Young’s  Natural  Frequency  (kHz) 

Material  Strength  Modulus  Longitudinal 

(MPa)  (GPa) 

Galena  47.1-50.3,4.10-5.53  Fixed-Fixed,  33.25-38.74, 

Aggregate, 

(n-type), 

Galena  76.7-82.1.  6.6-6.92  .  Fixed-Fixed ,  50.15-52.69 , 

Concentrate, 

(p-type), 

The  samples  prepared  from  naturally  occurring  galena  ore  shows 
n-type  conduction.  This  n-type  conduction  may  be  due  to  the 
excess  of  lead  atoms  or  excess  of  donor  impurities  like  Fe,  Bi, 
Sb,  etc.  present  in  that  composition  as  seen  from  the  data  of 
chemical  analysis  [8].  The  resistivity  of  the  ores  varies  from 
sample  to  sample.  This  variation  can  be  explained  on  the  basis  of 
impurities  present  or  deviations  from  the  stoichiometry  or  the 
different  grain  size  of  the  galena  ore. 

The  pellets  made  by  simple  cold  pressing  have  very  high 
resitivity.  This  high  value  of  resistivity  has  been  explained  on 
the  basis  of  the  resistance  offered  by  grain  boundaries 

but  on  sintering  or  hot  pressing  a  neck  is  formed  between  the 
grains  by  diffusion  process  which  may  be  either  surface  diffusion 
or  grain  boundary  diffusion  or  volume  diffusion  depending  upon 
the  temperature  range.  This  might  be  one  of  the  reasons  for 
decreasing  the  resistance. 

The  sintered  pellets  made  from  larger  grain  sized  particles  of 
natural  galena  ore  exhibit  n-type  conduction,  where  as  the 
pellets  made  from  smaller  grain  sized  natural  galena  show  p- 
type  conduction.  This  change  in  the  nature  of  the  dominant 
carrier  has  been  explained  on  the  basis  of  surface  oxidation  of 
smaller  grains,  converting  the  outer  layers  of  the  originally  n- 
type  particle  to  p-type  layer  and  thus  forming  p-n-p  junctions  as 
proposed  by  J.C.  Slater  [11].  Such  a  p-n-p  structure  would  show 
resultant  p  or  n-type  conduction  depending  upon  the  ratio  of 
thickness  of  p  and  n  layers. 

The  pellets  made  from  galena  concentrates  always  show  p-type 
conduction.  This  jJ-type  conduction  may  be  due  to  the  excess  of 
sulphur  or  these  seems  to  be  an  excess  of  p-type  impurities  (like 
Ag  and  Cu)  present  in  this  ore,  which  act  is  the  acceptor.  Tliis 
excess  of  sulphur  was  confirmed  from  the  data  of  chemical 
analysis  [8]. 
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Abstract 

[Jross  -galena  was  collected  from  Chanderia  Lead-Zinc  Smelting  Centre,  Chitoregarh,  Rajasthan,  India.  It  is  an 
intermediate  stage  of  Lead-Zinc  from  galena  concentrate.  This  paper  reports  some  aspects  of  dross  galena 
thermoelements  for  thermoelectric  generator. 


Introduction 

Thermoelectric  generators  (TEG)  ( a  non-conventional 
source  of  energy  )  of  different  output  power,  used  in 
different  industries,  are  usually  fabricated  from 
expensive  semiconducting  and  conducting  materials 
and  hence  are  not  widely  used  in  developing 
countries.  For  wide  industrial  and  socio-economic 
applications  in  the^  countries  and  elsewhere,  low 
cost  TEG  is  very  much  required.  In  order  to  achieve 
this  goal,  R  &  D  Division  of  MECONfl)  Ltd.,  Ranchi 
and  I.I.T.  Kharagpur  jointly  conducted  extensive 
studies  and  fabricated  thermoelement  (TE)  from 
galena  (  enrich  PbS  )  which  are  abundantly  available 
in  India.  Our  previous  work  [1  -  7]  on  the  efficiency 
of  TEG  prepared  from  chunk  and  concentrated  galena 
showed  encouraging  performance  TEG,  we  have 
worked  on  dross-galena  namely,  an  intermediate  stage 
of  Lead-Zinc  frcm  galena  concentrate. 

In  this  paper  we  report  our  studies  on 
wmposition,  resistivity,  density,  thermoelectric  power, 
micTostructure,  X-ray  diffractogram  and  thermal 
expansion  of  thermoelements  made  from  dross-galena. 

Experimentail  Details 

Dross  galena  was  collected  from  Hindustan  Zinc  Ltd., 
Udaipur  (Rajasthan).  Homogeneous  powder  of  dross 
galena  was  obtained  by  mechanical  grinding  in  the 
agate-mortar.  Powders  of  different  mesh  sizes  were 
obtained  from  different  sieves.  In  order  to  find 
elemental  composition  and  the  microstructure,  energy 
dispersive  analysis  of  X-ray  (EDXA)  was  done  by 
CAM-SCAN  SERIES-II,  along  with  the  scanning 
microphotograph  taken  by  the  same  instrument. 

X-Ray  diffractogram  of  the  powder  sample 
was  recorded  using  X-Ray  powder  diffractometer 
(JXR  -  JAPAN)  in  wide  20  range  (  20”  s  20  s  90” ) 
with  Cu  Ka  radiation  for  preliminary  structural 
information.  The  cylindrical  pellets  samples  of  length 
10  ram  and  diameter  6.3  mm  were  made  from  the 


powder  of  the  mesh  size  -200  to  +240  BSS  (-76x10*’ 
to  +64x10*’  nm)  using  hydraulic  press  at  a  pressure 
upto  2x10*  N/m*.  These  samples  were  sintered  in  an 
argon  atmosphere  at  880  K  tem{Kaature  for  4  hrs.  The 
sample  temperature  was  measured  with  the  help  of 
Cromal-Alumel  thermocouples  kept  inside  a  tubular 
quartz  furnace  and  the  constant  temperature  was 
maintained  with  the  help  of  a  temperature  controller 
[Aplab  model  no.  -  9601].  The  room  temperature 
thermoelectric  power  (TEP)  of  p-type  dross  galena 
pellets  was  obtained  by  measuring  the  thermo  emf 
with  the  help  of  a  d.c  microvoltmrter  with  an  input 
impedance  of  1  MQ  [model  pV  -  002].  The  sample 
holder  designed  and  fabricated  in  the  laboratory.  The 
photograph  is  shown  in  fig.l.  The  resistance  was 
measured  with  the  help  of  micrc^rocessor  based 
LCR-Q  meter  (Aplab-4910).  These  electrical 
parameters  were  also  measured  for  the  n-type  samples 
made  from  dross  -  galena  doped  with  Lead  and 
Indium. 

The  density  of  aU  the  undoped  sintered 
pellets  were  determined  to  an  accuracy  of  ±  0.1% 
with  the  help  of  the  Archimedes'  principle  using 
distilled  water  as  the  buoyant  liquid.  The  weight  of 
the  sample  was  accurately  measured  with  the  help  of 
a  sensitive  balance  (Dhona  100  DS)  to  an  acciuacy 
upto  0.1  mg.  The  thermal  expansion  of  the  pellets  was 
studied  from  room  temperature  to  350  ”C  with  the 
help  of  dial  gauge  (Mitutoyo  no  2109-10). 


Results  and  Discussions 

The  elemental  composition  of  dross-galena  as  studied 
from  (EDAX)  was  found  to  be: 

S  =  4.019%  ;  Ni  =  0.718%  ;  Cu  =  8.155%  ;  Zn  = 
23.895%  ;  \g  =  0.024%  and  Pb  =  63.187%. 

The  profile  of  the  EDAX  is  shown  in  fig.2. 
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From  the  X-ray  diffractograms,  the  d  -  values  and  the 
lattice  parameters  have  been  calculated  for  27 
refections  peak  using  a  standard  computer  programme 
"  powder". 

Comparison  of  some  d  -  values  and  cell 
parameters  of  PbS  [powder  diffraction  file,  card  no- 
5-0592]  and  dross-galena  are  shovv  n  in  table  1. 


Table  1 

Comparison  of  d  -  values  of  PbS  reported  in  (powder 
diffraction  file,  card  no-  5-0592]  and  dross-galena. 


Fig. 3 

The  room  temperature  resistance  of  undcped 
sintered  pellets  made  from  galena-dross,  using  same 
mesh  size  and  different  pellet  lengths  was  found  to  be 
of  the  order  of  ~  1.1  MQ.  The  average  calculated 
resistivity  of  the  samples  was  also  found  to  be  of  the 
order  of  0.41  Mfi-cm  and  the  TEP  is  also  very  high 


1  PbS 

dross^aJena  | 

lattice 

d 

lattice 

d 

parameter 

parameter 

(mm) 

(mm) 

(mm) 

(mm) 

0.2969 

0.2968 

0.2099 

0Z2094 

0.594 

0.1790 

0.5901 

0.1765 

0.1714 

0.1708 

0.1484 

0.1494 

0.1362 

0.1368 

Comparison  of  some  d  -  values  and  lattice  parameter 
of  PbS  and  dross-galena  show  good  agreement 
between  them.  However  there  is  also  some 
disagreement  of  d-  values,  which  suggests  that  dross- 
galena  is  not  containing  pure  PbS.  This  is  expected 
because  of  the  presence  of  other  elements.  From  SEM 
microphotograph,  the  grain  size  has  been  determined 
Average  value  of  grain  size  in  horizontal 
direction  =  2.53125  pm. 

Average  value  of  grain  size  in  vertical 
direction  =  2.04843  pm. 

The  SEM  photograph  is  shown  in  fig  3. 


(  -  20000  nV/K).  All  the  pellets  show  p-type 
conduction.  The  results  for  some  typical  samples  are 
given  in  table  2. 
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Table  4 

Room  temperature  thermoelectric  power,  resistance, 
resistivity  and  density  of  0.48  mol%  In  doped  dross- 
galena  pellets. 


Table  2 

Room  temperature  thermoelectric  power,  resistance, 
resistivity  and  density  of  some  typical  undoped 
sintered  dross-galena  pellets. 


Type 

Resist- 

Resist- 

TEP 

Densi- 

mple 

ance 

ivity 

ty 

no 

(MQ) 

(MQ-cm) 

(pV/K) 

(g/cc) 

1 

P 

0.75 

0.243 

21500 

6.886 

2 

P 

0.45 

0.160 

6.910 

I3 

P 

0.74 

0228 

21428 

6.761 

|4 

P 

0.63 

0.208 

21000 

6.903 

1  ^ 

P 

1.50 

0.482 

25263 

6.679 

P 

0.86 

0.279 

17894 

6.399 

I7 

P 

1.10 

0.411 

24712 

6.802 

|8 

P 

0.74 

0231 

30487 

6.836 

The  electrical  properties  of  some  typical  pellets 
prepared  from  0.48  mol%  Pb  doped  dross-galena 
sintered  at  880  K  for  4  hrs  in  argon  atmosphere  have 
been  shown  in  table  3. 


Table  3 

Room  temperature  thermoelectric  power,  resistance, 
resistivity  and  density  of  0.48  mol%  Pb  doped  dross- 
galena  pellets. 


Sa¬ 

mple 

no 

Type 

Resist¬ 

ance 

(MQ) 

Resist¬ 

ivity 

(MQ-cm) 

TEP 

(pV/K) 

Densi¬ 

ty 

(g/cc) 

I 

n 

0,112 

0.02872 

198.88 

6.680  I 

2 

n 

0.080 

0.01875 

155.17 

6.931  1 

3 

n 

0.070 

0.01723 

80.64 

6.731 

4 

n 

0.032 

0.00803 

71.42 

6.845 

5 

n 

0.542 

0.14347 

107.69 

6.729 

n 

0.012 

0.00321 

40.32 

6.832 

The  electrical  properties  of  some  typical  pellets 
prepared  from  0.48  mol%  of  In  doped  dross-galena 
I«llets,  sintered  at  880  K  for  4  hrs  in  argon 
atmosphere  have  also  been  shown  in  table  4. 


Sa 

loiplfi 

|no 

Type 

Resist- 

(MQ) 

Resist¬ 

ivity 

(MQ-cm) 

TEP 

(pY/K) 

Densi¬ 

ty 

(g/cc) 

1 

n 

0.236 

0.071 

3.00 

6.768 

2 

n 

0.376 

0.139 

2J3 

6.830 

3 

n 

0.432 

0.129 

2.61 

6.833 

4 

n 

0.055 

0.015 

3.12 

6.716  I 

n 

1.68 

0.447 

2.39 

6.725  1 

The  comparison  of  the  above  electrical  properties 
(Table  2  ,  3  &  4)  of  undoped  and  doped  samples 
show  that  undoped  samples  have  p-type 
semiconducting  property  whereas  samples  dt^ted  with 
In  and  Pb  have  n-type  properties.  The  resistivity  of  n- 
type  dross-samples  has  dropped  from  mega  -  ohm  to 
milli  -  ohm,  which  is  very  remarkable  and  desirable 
for  our  work.  There  was,  however,  a  concomitant  loss 
of  thermoelectric  power  and  this  was  not  quite 
desirable. 

From  thermal  expansion  study,  it  is  seen  that 
the  coefficient  of  linear  thermal  expansion(  o)  is  quite 
independent  of  temperature  and  almost  constant  in  the 
temperature  range  100  -  350  “C.  The  value  of  a  for 
sintered  undoped  and  Pb  &  In  doped  pellets  are  quite 
alike.  The  value  is  little  larger  than  the  predicted 
value  of  pure  PbS.  The  variation  of  linear  thermal 
expansion  coefficient  (o)  with  temperature  is  shown 
in  fig  4. 


Fig. 4 
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Conclusion 

To  optimise  the  device  performance  (i.  e.  figure  of 
merit)  we  have  to  develop  TE  with  low  resistivity  and 
high  TEP.  Our  preliminary  study  on  dross-galene  and 
doped  dross-galena  samples  shows  that  some  more 
attempts  have  to  be  taken  for  making  suitable  TE, 
using  different  dopants.  Further  work  is  in  progress. 
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Na-DOPING  OF  LEAD-TIN  CHALCOGENIDES 


G.T.  Alekseeva,  E.A.  Gurieva,  P.P.  Konstantinov,  L.V.  Prokof’eva 

A.F.  Ioffe  Physico-Technical  Institute,  St. Petersburg,  Russia. 


A  study  has  been  made  of  the  impurity-concentration  and  temperature  dependencies  of  the  transport  coefficients  in  Na-doped 
Pb(Sn)Te  (LTT)  and  Pb(Sn)Se  (LTS)  mixed  crystals.  The  Mossbauer  method  has  been  used  to  determine  the  charged  states 
of  the  Sn  atoms  in  these  materials.  The  results  obtained  are  intepreted  taking  into  account  the  formation,  interaction  and 
influence  the  electron  spectrum  of  the  impurity  and  intrinsic  defects. 


Introduction 

In  80th  years  it  was  found  that  introduction  of  group  IV  ele¬ 
ments  in  lead  chalcogenides  limited  to  a  great  extent  the  Na 
acceptor  action  and  influenced  the  behavior  of  other  effects 
[1,2].  It  meant  that  there  was  some  common  phenomenon 
which  changed  the  electronic  structure  of  the  doped  mate¬ 
rials. The  general  manifestations  of  this  phenomenon  and  its 
particular  features  being  determined  by  the  type  of  chaic.ogen 
are  presented  for  consideration. 

Ti'ansport  of  charge  carriers  in  dilute  alloys 

1.  In  both  systems  there  is  a  region  of  the  Fermi  level  pinning 
where  the  Na  atoms  don’t  display  the  acceptor  properties  and 
the  Hal!  concentration  no  more  follows  the  dopant  content  (fig. 
1).  In  LTS  the  density  of  holes  even  falls  in  the  localization 
range.  In  both  cases  the  introduction  of  one  Sn  atom  leads  to 
the  localization  of  2  holes. 

In  LTT  the  range  of  the  Hall  coefficient  saturation  extends 
over  no  more  than  1/2  of  the  total  dopant  concentration  range 
and  always  adjoined  the  limit  of  this  range. In  the  dilute  LTS 
alloys  the  upper  limit  of  the  compensation  range  is  inside  the 
range  of  the  Na  solubility,  so  that  at  high  dopant  contents  the 
Na  atoms  recover  their  activity  giving, rise  to  the  second  region 
of  free-hole  generation. 

2.  Only  quantitative  changes  in  temperature  Hall  coefficient 
behavior  are  typical  of  the  doped  LTT  crystals  (fig.  2)  com¬ 
pared  to  the  similar  data  of  PbTe:Na.  The  fall  of  the  Hall 
coefficient  with  temperature  is  not  typical  of  this  material.  In 
LTS  alloys  the  Hall  curves  are  more  complex  (fig. 3)  The  rate 
of  the  rise  and  the  position  of  the  maximum  depend  on  the 
dopant  amount.  When  the  latter  approaches  double  concen¬ 
tration  of  Sn  it  is  observed  only  the  falling  branch  of  the  curve. 

3,  In  both  .systems  an  additional  scattering  mechanism  ap¬ 
pears  at  low  T  governing  the  decrease  in  the  hole  mobility 
and  the  changes  in  the  tliermopower  (fig.  4  -  7).  In  LTS  the 
changes  in  the  mobility  and  thermopower  have  a  resonance 
ch:  irac.ter,  at  low  T  the  values  of  S  may  be  both  below  and 
above  the  corresponding  values  |S|  for  the  Cl-doped  alloy  of 
the  same  composition  with  the  similar  quantities  of  the  band 
parameters. 

All  these  results  may  be  intepreted  on  the  base  of  a  reso¬ 
nance  impurity  state  model.  Using  the  data  obtained  one  may 
draw  an  important  conclusion,  namely:  the  number  of  the  lo¬ 
calized  holes  in  LTT  alloys  is  never  higher  than  the  number 
of  the  free  holes.  It  means  that  the  filling  of  the  impurity 
states  always  is  not  higher  1/2.  There  are  no  limitations  of 
this  parameter  in  LTS. 


Figure  1:  The  dependence  of  the  Hall  density  on  the  Na  con¬ 
centration  in  the  binary  compounds  and  solid  solutions. 


The  Mossbauer  effect 

The  second  important  conclusion  arises  from  the  Mossbauer  ef¬ 
fect  data  [3].  The  changes  in  the  Mossbauer  spectra  due  to  re¬ 
placement  of  Te  with  Se  were  determined  (fig.  8).  The  Sn(2-b) 
line  which  is  the  only  one  for  a  material  containing  only  the  Te 
atoms  gradually  weakens  and  disappears,  the  transformation 
of  the  Sn(4-b)  line  is  reversed.  Therefore,  in  the  Na-doped 
LTT  solid  solutions  the  Sn  atoms  are  not  directly  the  centers 
at  which  holes  are  localized.  The  Na  atoms  are  not  such  cen¬ 
ters,  too,  because  in  the  opposite  case  the  Na  atoms  should 
be  attributed  the  charge  2-b  which  is  unlikely.  Therefore,  we 
conclude  there  are  the  atoms  of  the  main  components,  namely, 
the  Te  atoms  to  be  responsible  for  the  creation  of  the  nonband 
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states.  In  the  dilute  LTS  alloys  the  holes  are  localized  at  the  has  been  determined  where  the  absolute  quantities 
Sn  atoms. 


Figure  3:  Temperature  dependence  of  the  Hall  coefficient  in 
0  100  200  300  400  500  6  PbSe  and  dilute  Pb(Sn)Se  solid  solutions  with  various  Na  con¬ 


i’**^  centration. 

Figure  2:  Temperature  dependences  of  the  Hall  coefficient  of 
PbTe  and  Pb(Sn)Te  with  various  Na  concentration. 


Transport  effects  in  more  concentrated  LTS 
alloys 

A  study  of  the  transport  phenomena  in  more  concentrated  LTS 
solid  solutions  shows  that  the  variation  of  the  transport  coef¬ 
ficients  with  both  the  dopant  concentration  and  temperature 
are  characterized  by  the  same  peculiarities  (fig.  9  -  11). 

The  basic  conclusions  are  following. 

The  impurity  band  position  in  energy  is  determined  by  the 
LTS  alloy  composition:  the  impurity  states  lower  down  deep 
into  the  valence  band  with  increasing  the  Sn  content. 

In  the  concentrated  LTS  solid  solutions  there  is  no  corre¬ 
lation  between  the  number  of  the  impurity  states  and  the  Sn 
content;  as  the  latter  increases,  the  number  of  the  impurity 
states  changes  more  less. 

A  number  of  the  impurity  states  in  the  LTS  alloys  of  differ¬ 
ent  composition  was  evaluated  using  the  low-temperature  data 
on  the  thermopower  (fig  11).  A  value  of  the  Na  concentration 


conf^ntrati-on 


Figure  4:  The  hole  mobility  power  vs.  the  Hall  concentration 
in  the  Na-doped  Pb(Sn)Te  solid  solutions. 


0  I -10^°  P^,cnr^ 

Haft. 


Figure  5;  The  thermoelectric  power  vs.  the  Hall  concentration 
in  the  Na-doped  Pb(Sn)Te  solid  solutions. 


Figure  6;  The  hole  mobility  vs.  the  Na  content  in  the  Na- 
doped  Pb(Sn)Se  solid  solutions. 


l^aU  carrier  concentratton 

Figure  7:  The  thermoelectric  power  vs.  the  Hall  concentration 
in  the  Na-doped  Pb(Sn)Se  solid  solutions. 
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Figure  8:  ^'®Sn  Mossbauer  spectra  recorded  at  80  K  for  Pb- 
SnTe(Se)  alloys  doped  with  sodium. 


Figure  9:  The  Hall  concentration  vs.  the  Na  content  for  more 
concentrated  Pb(Sn)Se  alloys. 
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concentration.  Such  a  position  for  a  Sn  atom  appears  where 
the  solid  solution  is  formed  and  hence,  it  may  be  related  to 
the  peculiarities  of  the  undoped  alloy  crystalline  structure. 


Figure  10:  The  the  Hall  coefficient  vs.  temperature  for  more 
concentrated  Pb(Sn)Se  alloys. 


Figure  11:  Concentration  dependencies  of  the  thermopower 
for  Pb(Sn)Se  alloys  with  the  tin  content  of  3-15  at,%. 

of  thermopower  of  p-  and  n-type  samples  are  the  same  and, 
therefore,  a  contribution  in  thermopower  due  to  the  resonance 
hole  scattering  is  equal  to  0.  In  this  case  the  Fermi  level  po¬ 
sition  is  in  the  center  of  the  impurity  band  and  the  filling  of 
the  impurity  states  is  1/2,  In  fig.  12  the  values  of  vs. 

composition  are  given  together  with  the  Hall  densities  related 
to  the  same  values  of  Na-  A  difference  of  these  quantities  is 
a  number  of  the  localized  holes,  or  1/2  of  a  total  number  of 
states  in  the  impurity  band.  One  may  see  that  at  first  the  to¬ 
tal  number  of  the  impurity  states  follows  the  Sn  concentration, 
then  its  variation  becomes  much  less. 

Thus,  only  a  small  part  of  the  Sn  atoms  occupy  active  po¬ 
sitions  in  a  lattice  and  are  capable  of  affecting  the  free-hole 


Figure  12:  The  dependences  of  A^yj{l/2),  pjjilj'l)  and  their 
difference  on  the  Sn  concentration  in  the  Pb(Sn)Se  alloys. 
Pb(Sn)Se  alloys. 


Defects  in  the  Na-doped  lead-tin  chalco- 
genides:  formation,  interaction,  effect  on  the 
electron  spectrum 

1.  Formation  of  FRENKEL  DEFECTS  in  UNDOPED  lead- 
tin  chalcogenides. 

One  may  suppose  that  a  part  of  the  Sn  atoms  in  the  undoped 
solid  solution  occupy  no  regular  sites  in  a  lattice  but  intersti- 
tual  positions  forming  the  electroneutral  Frenkel  defects: 

n(Sn1^^-V^-)  =0 

''  '  “v* 

FRENKEL  DEFECT 

n  -  the  Frenkel  defect  concentration.  A  local  level  with  2 
electrons  appears  in  the  electron  spectrum,  a  total  number 
of  states  Ntot  =  2n. 


2.  ELECTROACTIVE  DOPING  of  lead-tin  chalcogenides 
with  Na.  One  may  assume  that  appearance  of  free  holes  in  the 
Na-doped  crystals  is  associated  with  the  presence  of  the  metal 
vacancies,  2  holes  per  1  vacancy  which  is  equivalent  to  1  hole 
per  1  atom  of  Na  as  follows  from  the  experimental  data: 

2NaSe{Te)  =  Na2Se(Te)  +  Se{Te)  =  +  2p 


In  such  case  Na-doping  of  the  LTT  and  LTS  alloys  may  be 
written: 
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n{Sn]+  +  l/j-)  +  mSe{Te)  = 
n{Sn1+  +  V^;)  +  m{V^;  +  2p 

where  m  -  the  metal  vacancy  concentration,  m  =  l/2A^yi.The 
Hall  concentration  pn  —  2m. 


3.  INTERACTION  OF  DEFECTS  IN  LTS  ALLOYS. 
HOLE  LOCALIZATION. 

If  the  vacancy  concentration  exceeds  a  certain  value  deter¬ 
mined  by  the  Sn  content  the  interaction  between  defects  takes 
place.  As  a  result  of  the  interaction  the  precipitates  are  formed 
including  an  interstitual  double  charged  impurity  defect  and 
a  metal  di vacancy: 

n(5n?+  +  -t-  m(V^-  -(-  2p)  +  kSe  = 

(n  -  k){Sn^+  +  YpV)  +  m{V^-  +2p)  +  k  (5nf+  +  2V^;) 

PRECIPITATE 

k  -  concentration  of  precipitates.  No  additional  free  holes 
appear,  pn  =  2m  =  Const{k).  RANGE  OF  THE  FERMI 
LEVEL  PINNING, the  holes  fill  the  quasilocal  states  relating 
to  the  precipitates,  Ntot  —  2n. 


Energy  leveli 
precipitates 

Energy  levebof 
Frenkel  defects 


4.  THE  SECOND  RANGE  OF  FREE-HOLE  GENERA¬ 
TION  in  dilute  LTS  alloys. 

After  nearly  all  of  the  Frenkel  defects  have  become  bound 
up  in  precipitates  can  the  additional  metal  vacanvies  again 
become  capable  of  creating  the  free  holes: 


-h  Vpj  )  +  m{Vp^  -f-  2p)  +  kTe  =  (n  -  k){Sn^'^+ 

^Pb  )  +  (^  ■”  ^)^Pb  +  ^  H-2mp  -f  kSnpi  +  kTepe 

ANTISITE  Te 

k  -  concentration  of  the  antisite  Te  atoms.  As  follows  from 
[3],  m  >  n,  A:  <  n.The  Hall  concentration  remains  constant, 
Pif  =  2m  =  Const(k).  As,  4  quasilocal  states  which  are  half- 
filled  with  electrons  are  associated  with  one  atom  Tepi,,  a  total 
number  of  the  impurity  states  becomes  a  function  of  doping 
level,  Ntot  =  2(n  —  k)  +  Ak,  it  increases  with  increasing  the  an^ 
tisite  defect  concentration,  i.e.  the  Na  content.  In  the  case  of 
n  =  k  the  antisite  defect  Tepi,  is  the  dominant  type  of  defect, 
Ntot  =  4fc,  the  impurity  band  is  half-filled  with  electrons  (  the 
heavily  doped  LTT  alloys  with  the  Sn  content  of  0. 5:1.0  at.%, 
n  =  m  =  k  =  0.5at.%  [3]). 


Energy  levels 
of  antisite  Te 
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n{Snt+  +  2V^-)  -h  m{V^;  +  2p)  +  sSe  = 


n(Sn‘^+  +  2V^- )  +  (m  -F  5)(y;-  +  2p) 

s  -  additional  concentration  of  the  metal  vacancies.  The 
Hall  concentration  pp  =  2(m  -f-  s). 


5.  INTERACTION  OF  DEFECTS  IN  LTT  ALLOYS. 
HOLE  LOCALIZATION. 

In  other  manner  the  defects  interact  in  the  doped  LTT  al¬ 
loys.  The  Sn  atom  transfers  to  an  usual  regular  site  and  cre¬ 
ates  the  conditions  for  rearrangement  of  2  metal  vacancies  in 
an  antisite  Te  defect: 
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PREPARATION  AND  INVESTIGATION  OF  THERMOELECTRICAL  AND 
ELECTRICAL  PROPERTIES  OF  CuInSe2  BULK  AND  THIN  FILMS 

CRYSTALS 


M.A.Abdullaev  ,R,M.Gagjieva,I.Kh.Magomedova,P  P  Khochlachov,  A.M.Khasbulatov 
Institute  of  Physics, Daghestan  Sc.  Center  RAS,  Makhachkala. 367003, RUSSIA 

Seebcc  effect  and  electrical  conductivity  have  been  measured  as  function  of 
temperature  on  samples  of  CuInSei  bulk  and  thin  films  crystals  in  wich  varying 
concentrations  of  donor  and  acceptor  atoms  have  been  incorporated.  The 
behaviour  above  room  temperature  is  found  to  be  consistent  with  electrical 
conductivity  dates.  Small  values  of  Seebek  voltage  at  the  low  temperatures  believed 
to  be  caused  by  impurity  band  conduction. 


Introduction 

Copper  indium  diselenide  is  a  ternary-compound 
seimicond-  uctor  with  a  chalcopyrite  structure.  CuInSe2 
films  and  bulk  crystals  are  the  very  prospective  materials 
to  be  used  in  solar  power  industry  and  thermoe.m.f 
transformation[l].  This  material  it  is  advantageous  is 
thermal  and  chemical  stability  and  low  cost.  It  has  a  direct 
energy  band  gap  of  about  1  cV  and  high  absorption 
coefficient  (about  4*10^  cm'*). 

The  holes  of  CuInSe2  have  a  high  effectiv  mass 
0.76. mf).  Therefore  it  is  expected  that  a  rather  large 
thermoelectric  power  originating  from  the  holes  is  observed 
in  CuInSe2.  In  the  bulk  crystals  the  observed  thermoe.m.f 
reached  the  large  value  of  about  650  pVK  *  [2].  CuInSe2 
physical  properties  and  device  constructions  still  have  not 
been  studied.  The  thermoe.m.f  of  films  dates  is  not 
published.  In  a  previous  paper  [3]  we  reported  on  the 
electrical  properties  and  carrier  scattering  mechanisms  of 
CuInSe2  bulk  crystals.  In  this  paper  the  resultes  of  study 
thermoelectrical  and  electrical  properties  of  CulnSe2  thin 
films,  prepared  by  a  flash  evaporation  are  reported. 

Samples  and  measurements 

Single  -  and  polycrystalline  CuInSe2  samples  are  obtained 
by  Bridgman  vertical  method  under  the  temperature 
gradient  conditions.  The  weights  for  synthesis  are  taken  in 
stoichiometric  proportions  or  with  ±2  mol%  deviations. 
Initial  polycrystlline  ingots  are  used  as  starting  materials  to 
grow  the  single  crystals. 

An  ingot  is  crushed  to  powder  and  fused  in  a 
quartz  ampoule  under  the  pressure  no  more  than  10'^  Pa. 
According  to  the  thermoe.m.f  data,  the  stoichiometric 
weights  give  n  -  and  p-type  ingots  were  produced.  At  the 
same  conditions  the  p-type  ingots  were  prepared  by 
cooling  with  rate  not  less  than  3  grad/hour.  X-ray 
microanalysis  data  give  Cu,  ping  ggSej  q  composition  in  p- 
type  ingots  and  Cuq  9ln  |  0862  0  composition  in  n-type 
ingots,  after  fuse  of  the  stoichiometric  weights.  Single 
crystal  p-  CuInSe2  samples  had  charg  carrier  concentration 
4  -  5*10*^  cm'-^  and  carriers  mobility  of  10  -  15  cm^/V*S. 
Fusing  together  with  proportions  of  Cu:In:Se  =  0.9;1.0;2.0 
a  single-phase  n-type  material  has  been  prepared. 

Syngle  crystals  were  grown  from  near 
stoichiometric  melt  and  then  were  pulverized  into  powder 
'vith  particles  size  of  about  100  pm.  The  films  were 
deposited  by  a  flash  evaporation  in  lO'**  Pa  vacuum  using 
spiral  vibrating  supplier  with  2  gram  per  hour  rate.  The 


filrhs  2.5  -  3  pm  thicked  were  deposited  in  quartz,  crystal 
glass  and  optical  glass  substrates. 

The  perfectness  and  composition  of  the  layers  were 
controlled  by  XRMA-methods.  Single  phase  stoichiometric 
films  with  halcopyrite  structure  had  2pm  grain  size.  To 
reduce  a  serial  resistance  the  CulnSe2  layers  had  excess  of 
Cu  atoms  up  to  1  at.percent. 

Hole  concentration  and  mobility  at  300  K  were 
1  -  6*10'’^cm'3  and  1.0  -  3.4  cm^  /V*S  respectively.  Electron 
concentration  in  n-type  films  had  a  value  4*10*^ 
l*10*’*'cm'^  with  12  -  70  cmW*S  mobility.  Ohmic 
contancts  of  In  and  Au  were  evaporated  in  high  vacuum. 
Substrate  temperatures  were  450  -  570  K,  resistivity  of  n- 
CuInSe2  films  was  10  -  15  f2*cm,  and  p-type  -  1.5  -  5 
Q*cm.  It  was  achived  by  vacuum  annealing  of  the  film  at 
450  K  during  15  min. 

Electrical  conductivity  measurements  were  made  at 
various  temperatures  in  range  2.7  -  350  K  and  were  in 
agreement  with  the  published  results  at  the  300  K  [4]. 

Thermoe.m.f.  obtained  with  helium  gas  in  the 
container  disagreed  by  several  percent  with  the  results 
obtained  in  high  vacuum.  This  indicates  a  poorer  thermal 
contact  at  the  junctions  in  CuInSe2  films  than  bulk 
samples  where  no  such  disagreement  was  found. 

The  thermocouples  copper  -  constantan  were 
secured  in  the  central  portion  away  from  boundaries.  The 
heater  was  constructed  from  manganin  wire  wrapped 
directly  onto  the  films.  Short  length  copper  wire  were 
wrapped  and  soldered  around  the  sample  at  each 
thermocouple  -  CuInSe2  junction  and  used  to  minimize 
temperature  gradients  along  the  thermocouple  leads  hear 
the  junction.  The  region  between  the  thermocouples  was 
electrically  probed  at  room  temperature  and  in  the  samples 
used  was  uniform  to  20  percent. 

The  samples  was  mounted  in  a  conventional 
apparatus  consisting  of  a  radiation  shield  inside  an 
evacuated  container.  The  lead  wires  were  brough  to  the 
temperature  of  the  radiation  shield  and  were  sufficiently 
long  to  insure  a  negligible  heat.  Lead  along  the  wires  and 
thus  making  measurements  possible  lead  wires  for 
electrical  conductivity  measurements  were  attached  at  the 
films  ends  and  in  some  cases  Hall  leads  were  attached 
midway  between  the  thermocouples. 

Results 

We  shall  consider  the  experimental  data  obtained  for  the  4 
samples  p  -  and  n  -  CuInSe2  .  The  thermoelectric  power  (a, 
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nV/K)  is  plotted  as  a  function  of  the  absolute  temperature 
T  in  Fig.l.  It  can  be  seen  that  the  samples  with  the  highest 
value  of  a  around  room  temperature  are  those  with  the 
smallest  concentration  difference  between  the  donor  and 
acceptor  atom,  that  is,  those  with  the  smallest  density  of 
mobile  charge  carriers.  It  is  to  be  expected  for  any  model 
in  which  the  thermoelectric  energy  is  transported  by  mobile 
charge  carriers. 

Calculations  of  the  thermoelectric  power  in  the 
impurity  range,  when  lattice  scattering  and  impurity  range, 

Fig.l.  Temperature  dependence  of  the  thermoelectric 
power  a  pVK'’  in  CuInSe,  films  of  p-type  (curves  1,2  - 
left  scale)  and  n-type  (3,4  -  rigt  scale) 


too  )90  ZbO  rj^fi 


when  lattice  scattering  are  acting  in  parallel  (0  <  r  < 
yields  the  following  result: 


a  = 


k 

1 


r-ln 


ph^ 

lilrnnkf^ 


(1) 


2), 


Calculation  of  the  effective  mass  of  the  holes  at  300  -  350  K 
yields  consistenly  the  value  m=0.76mQ  ,  that  is  agreement 
with  results  from  microwave  measurements  [5], 

The  samples  1,  2  is  not  highly  compensated,  this 
means  that  below  160  K  most  of  the  holes  are  interacting 
to  form  the  impurity  band.  If  the  impurity  band  is 
practically  full,  and  if  it  is  does  not  overlap  the  valence 
band,  it  should  rise  to  a  positive  thermoe.m.f  according  to 
the  equation; 

a  =  (a,a| +a2a2)/c  (2) 

where  the  subscripts  refer  to  valence  (1)  and  impurity  (2) 
bands.  02  must  be  constant  below  200  K,  this  is  because 
the  small  percentage  of  compensation.  Since  a,  values 
directly  as  P|,  whill  a|  varies  as  logp|  +  da,/dT,  a,  is 
probably  the  dominant  term  in  Eq.(2),  and  value  02 


would  emable  one  to  estimate  the  energy  difference 
between  the  valence  band  and  the  almost  filled  impurity 
band  by  a  plot  of  log(a]-a)  against  T. 

From  a  sample  4  ,  it  is  estimated  that  the 
concentration  of  donors  is  1*10'^  cm‘^.  The  room 
temperature  Hall  -  effect,  gives  the  concentration  of 
1.2,5*10'^  atoms  greater  iVian  the  vacancies  concentration. 
Thas  sample  4  is  about  90  percent  compensated  and 
experimental  points  a  is  very  small  at  the  low 
temperature.  Because  of  the  difficulty  of  measuring  a 
small  voltage  over  a  high  -  impedance  circuit,  the  low  - 
temperature  points  scatter,  however  they  appear  to 
extrapolation  to  0  at  the  T<  50  K. 

The  electrical  conductivity  (a,  fi'^'cm"’)  is  plotted 
as  a  function  of  the  absolute  temperature  T  for  p-type 
samples  (1,2)  and  n-type  samples  (3,4)  in  Fig2.  It  can  be 
seen  from  Figs  2  that  the  logo  vs  1/T  plot  gives  a 
straight  line  above  -250  K  ,  but  observed  data  below  160 
K  dewiate  repward  from  the  straigt  line.  So  the  hopping 
conduction  is  considered  to  be  dominant  below  160  K. 
The  electrical  conductivity  can  be  expressed  by 

a  =  (jf,exp(-E/kT)  (3) 

Here  is  the  constant,  E  -  the  activation  energy,  k  -  the 
Boltzmann  constant. 

The  variation  of  E  with  substrate  temperature  of 
p-type  films  was  measured  0.18  -  0.20  eV  and  0.01  -  0.008 
eV  for  n-type  films.  The  films  with  a  larger  thermoe.m.f 
has  a  larger  activation  energy.  It  may  be  accounted  for  the 
hopping  conductivity  following  by  the  Mott  law: 

a  =  aoexp(-To/T)'''  (4) 

where  ^  =  ^^kq{E f.)a  ,  (3  =  21.2+1.2:  q{Ep-)  is 

density  of  states  at  Fermi  level  Ep  fl  =  h(2mE p)  -  is 

the  radius  of  localization. 


Fig. 2.  Curve  numerical  corresponds  to  samples  nambers. 
Samples:  1  -  p  =  1*10'^  cm'^  ;  2  -  p  =  4*10’^  cm'^;  3  -  n  = 
5*10'^  cm'^  ;  4  -  n  =  1*10'^  cm'^. 
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As  can  be  see  in  Fig2,  0  values  experimentally  obtained 
are  straightend  by  Igo  vs  (l/T)'^'^  dependence.  Value  of  Tq 

for  sample  1,  calculated  by  equation  lgcr  =  /(l  /  7’)  , 

allows  us  to  estimate  density  of  states  at  Fermi  level  as 
high  as  4*10^’eV''cm'^. 


References 

[1] ,  A.Rockett,  R.W.Birkmire.  CuInSe2  for  photovoltaic 

Application.  J.Appl.Phys.(A)  ,  1991,v.7,No.7,  pp.RSl  - 

R97. 

[2] .  M.A. Abdullaev,  I.Kh.Amirkhanova,  R.M.Gadjieva, 
Annealing  Effect  on  the  Conductivity  and  Thermoe.m.f.  of 
CuInSe2  crystals  p-type.  TVcorgau. A7ai.,  1993, v. 29, No. 6, 
pp.785-787. 

[3] .  M.A.Abdullaev,  I.Kh.Amirkhanova,  R.M.Gadjieva  at 
al.  Preparation  and  investigation  of  CuInSe2  bulk 
crystals  and  films.  Aeorg.Mai..  1992,v.28,  No. 5,  pp.961  - 
964. 

[4] .  S.I.Kim,  H.B.Im,  Preparation  and  properties  of 
selenized  CuInSe2  thin  films.  Thin  Solid  Films,  1992,  v. 214, 
No. 2,  pp.i94  -  199. 

[5] .  H.Neumann,  H.Sobotta,  W. Kissinger.  R.Kuhn,  Hole 
Effective  Masses  in  CuInSe2  ,  Phys.  Slat.  Sol.,  B,  1981, 
V.  108,  No. 2,  pp.483  -  486. 


201 


ON  THE  VALENCE  BAND  NON-PARABOLISITY  IN  Cu^  Se 

2-x 

SUPERIONIC  CONDUCTOR 

M . A . Korzhuev ,  and  A. V. Laptev 
A. A. Baikov  Institute  of  Metallurgy  of  Russian 
Academy  of  Sciences,  Moscow,  117911,  Russia 

The  unusual  negative  non-parabol i s i ty  of  conductivity 
effective  mass  early  declared  by  Gorbachev  &  Putilin 

(  1973  )  for  Cu2_^Se  was  explained  for  the  first 

time  by  taking  into  account  the  phase 

transformations  «  - >  ,  observed  in 

crystals  at  the  room  temperature. 


Introduction 

Copper  Selenide  Cu.j_  Se  is  known  to  be 

b  X. 

the  non-sto ichiometr ic  compound  (  x  = 
0.0001  to  0.3  )  of  electronic  (  p- 

type  )  and  ionic  {  Cu  ions  )  mixed 

conductivity  a^a  +a.(a  >>a,) 

e  1  e  1 

[1].  Above  the  Curie  temperature  (  T 

c 

=  291  to  413  K  depending  on  the 

deviation  from  stoichiometry  )  Cu2_^Se 

transforms  from  he  low-temperature 
«-phase  (  space  group  Cm  )  to  the 
high-temperature  p-  phase  (  space 
group  F43m  ) ,  the  last  being 

superionic  [2,3].  At  the  room 

'^1  '2  ^'3 

temperature  the  a - >  a-i-0 - >  p - > 

P  +  CUgSe.^  phase  transitions  are 

observed  in  series  in  Cu„  Se  when  x 

2-x 

increases  (  x^=  0.05,  0.20,  and 

Xg  =  0.23  )  [3].  In  the  a-  to  )3- 

transition,  approximately  half  the 
copper  ions  in  Cu2_^Se  are  exited  into 
interstitial  sites  and  become  mobile 
as  in  a  liquid,  the  copper  diffusion 

-  5 

coefficient  increases  from  about  10 

cm^/s  in  the  a-  phase  to  about.  10 

cm  /s  in  the  p-  phase  [1,3]. 

Conductivity  effective  mass  m  and 

c 

density  of  state  one  m^  in  Copper 

Selenide  C\i2_^Se  crystals  were 

previously  studied  using  the 

reflection  spectra  and  electronic 
transport  phenomena  in  [4]  to  [7],  the 
Hall  coefficient  R  =  A/  pe  (  here  A  is 
Hall  factor  (  A  >  0  for  electrons,  .A  < 
0  for  holes  )  and  e  is  the  charge  of 
an  electron  )  was  measured  in  [6-10], 
The  dependencies  obtained  were  unusual 


in  some  details.  The  ^  Hall 

concentration  of  carriers  p  -  1/  Re 

was  less  than  that  calculated  from  the 
sample  composition  {  i.e.  /A/  <  1  ) 

[6,7],  the  m^  versus  p  dependence  was 

non-parabolic  (  d  m^/  d  p  >  0  )  [7,8], 

but  the  m^  versus  p  one  was  negative 

non-parabolic  (  d  m^  /  d  p  <  0  )  [5] 

(  curve  5,  Fig.l  ),  the  last  being 
hardly  to  explain  in  the  framework  of 
the  standard  band  approach.  So  one 
proposed  the  complicated  band 
structure  as  well  as  the  narrow 
valence  band  for  Cu„__Se  [6,8].  From 

the  other  hand,  due  to  superionic 
disorder  the  mobility  of  holes  in 
CUg-^Se  samples  is  too  low  (  h  10 

2 

cm  /V . s  at  room  temperature  )  [8],  so 

the  band  approach  validity  for  Cu„_  Se 

may  be  in  question  at  all  [11,12]. 
According  to  [9],  electronic  transport 
phenomena  in  Cu2_^Se  samples  may 

occur  near-by  the  condition  X  — >  a, 
here  X  is  the  mean  free  path  of 
holes,  a  is  the  inter  atomic  space. 
Under  the  condition  X  — >  a 
Boltzmann  kinetic  equation  becomes 
unsuitable  as  well  as  the  classic  band 
theory  due  to  Heisenberg  relation 

AE  ~  h/  <T>,  (  1  ) 

here  AE  is  the  energy  indeterminated 
region ,  tl=  h/27t  is  the  reduced  Planck 
constant,  and  <T>  is  the  mean 
relaxation  time  of  holes  [11,12].  As 
the  relation  Ae/E^  ~1  (  here  E  is 

the  Fermi  energy  )  is  equivalent  to 
kF.X  ~  1  (  here  kp=  0,11  to  0,48.10 


H 
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Fig.l.  The  dependencies  of  effective 

masses  m,  /  m  {  1-3,  7  )  and  m  /  m  „ 

do  c  u 

(4-6,8)  on  Hall  carrier  concentration 

A 

p  in  Cu„  Se.  Curve  4  was  calculated 
^  2-x 

using  the  ultimate  carrier  density  in 
{  a  +  ^  )  region. 

T,  K:  1-6  -  300;  7,8  -  450. 


Fig  .  2 .  Reflectivity  spectra  R  (  w  ) 
for  two  Cu2  samples.  x:  1,6,7 

0,05;  3-5  -  0.015;  1,3  -  experimental, 

2,4-7  -  calculations. 

Curve  2  is  the  superposition  of  1  and 
3  ones  with  the  weights  of  0,3  and  0,7 
respectively . 

(  T=  300  K  ) 


cm  ^  is  the  Fermi  momentum  of  holes 
in  Cu2  ^Se  [10]  and 

(k- . a) . (X/a) ) ,  the  relations  (  1  ) 

r 

for  Cu.,_  Se  samples  is  similar  to  the 

u  yi 

condition  X  '  a  .  From  equation  (  1  ) 

one  can  see,  that  for  Ae/  Ep  >  1  the 

Fermi  surface  conception  fails,  for 
Ae/  2W  >  1  (  here  2W  is  band  width  ) 
the  band  conception  fails  in  all 
[11,12]. 

The  present  paper  aims  at 

reinvestigating  the  nature  of  hole 
conductivity  and  band  approach 
validity  in  Cu,j_  Se  within  the 

temperature  range  from  300  to  500  K, 
which  includes  the  superionic 
transition  temperature  (  T^  ) .  The 

ununiform  m  versus  p  negative 

c 

non-parabolic  dependence,  previously 
declared  in  [5],  was  showing  to  be 
the  seeming’  effect,  resulted  from 
ignoring  in  [5]  the  phase 

transformations  a  -->  a+P  -->  P  - >  P 

+  Cu2Se2- 

Experimental 

Polycrystalline  samples  of  Cu2_^Se 

(x=  0-  0,3)  have  been  prepared  from 
elements  (  of  better  than  99.9999% 

purity  )  by  melting  together  the 
components  at  1500  K  for  3  h  in 
evacuated  and  sealed  quartz  tubes. 
Cylindrical  samples  (  10 


B 


cm. 


diameter,  4-6  mm  long  )  were  used  to 
get  an  optic  spectra,  ones  {  88  mm  in 

diameter,  20  mm  long  )  -  for  Seebeck 
coefficient  study,  and  parallelepipeds 
of  1x3x15  mm  in  size  -  for  Hall 
measurements  [9].  The  density  of  state 
effective  masses  m^  were  calculated  by 

Seebeck  coefficient  technique  using 

the  values  of  «  and  p  =  a/  R.e  [8]. 

Conductivity  (  or  optical  )  effective 

masses  m  were  determined  from  the 
c 

position  of  plasma  minima  in 

reflectance  spectra  (  Fig. 2  )  [13]. 

Reflection  factors  R  were  measured 

using  IFS  88  "Bruker”  Fourier  spectra- 

photometer  within  the  wavelength 

range  of  X=  0 . 5  to  10  p  (  wave  number 

range  of  w=  1000  to  20000  cm  ).  The 

light  beam  used  was  of  circular- 

polarization,  the  incidence  angle  of 

light  was  of  11°.  Before  measurements 

the  samples  were  optical  polished  by 

chromium  oxide  water  paste.  The 

position  of  plasma  minima  w  .  in  the 
^  min 

reflection  spectra  of  samples  in  study 

was  from  2460  to  9000  cm  (  X=  1  to 

5  (i  )  (  Table  1  )  in  accordance  with 

[5]  and  [14].  It  should  be  pointed 

out,  that  within  this  range  all  the 

minima  were  locked  or  at  w  <  3800 

cm  .  (  group  I  ) ,  or  at  w=  8000-9000 

cm  (  group  II  )  {  Table  1  ) .  No 

minima  were  observed  within  w=  3800- 

8000  cm  range  as  well  as  in  [5].  The 

conductivity  effective  masses  were 


mm 


in 
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Table  1 


Some 

properties  and 

plasma  parameters  of  CUg 

^Se  samples 

X 

Phase 

compo¬ 

sition 

Hall/  calcu¬ 
lated  carrier 
dencity  p  /p 

/  in20  -3. 
(10  cm  ) 

Hall 

mobility 
p  -  R  o 

(  cm^/V.s  ) 

Plasma 

f  requency 

w  . 
min  . 

(  cm  ) 

Hole 

damping 

7 

(  cm  ^  ) 

Optical 

masses 

of  holes 
m/ m 

o 

0.007 

a 

2.1/  1.4 

12.0 

2460 

2210 

0 .35 

0.015 

a 

3.8/  3.0 

11 . 5 

3500 

2200 

0.37 

0.02 

a 

5.4/  4.0 

11.6 

3800 

2380 

0 . 34 

0.05 

a+p 

13/  10 

11.0 

8430 

5320  ^ 
1930 

0.13 

0 . 38 

0.10 

a+p 

27/  20 

10 . 1 

9000 

5850  ^ 
2140 

0.16. 

0.39 

0.15 

a+p 

31/  30 

10.0 

8500 

2530^ 

1630 

0.37^ 

0.48 

0.23 

P 

47/  46 

10.0 

8700 

2420 

0.47 

0 . 3 

P+Cu^Se^ 

56/  60 

9.0 

8100 

1400 

0.74 

*-  calculations  were  carried  out,  using  the  ultimate  carrier 

21  -3 

density  in  (  ct+P  )  region  (  p-  4.10  cm  ). 


obtained  from  the  comparison  of 
experimental  and  calculated 

reflectivity  spectra.  The  normal 
incident  reflectivity  is  given  by  [13] 

(  n  -  1  )  +  k 

R  = - - - ,  (  2  ) 

(  n  +  1  )  +  k 

where  n  is  the  refractive  index,  k  is 
the  extinction  coefficient,  both  are 
calculated  from  the  complex  dielectric 
function 

e=(n+ik)^= 


2 

w 

e  {  1 _ P _ + 

w  (  w  +  i  7  ) 


+ 


(  3  ) 


by  solv 

in 

g  the  equations: 

^1 

2  2 

Re  e=  n  -  k  , 

(  4  ) 

^2 

-  Im  €=  2nk, 

(  5  ) 

here  w 

is 

infrared  frequency 

or 

wav  e 

number 

( 

w  (  in  rad/s  )/2nc  = 

w 

(  in 

cm  } 

correspondingly,  c 

i  s 

the 

\'e]  oc  i  t 

y 

of  1  ight  )  ,  is  th 

e 

high- 

frequency  dielectric  constant,  w,  and 

are  the  longitudinal  and  transverse 

optic-phonon  frequencies, 

respectively,  F  is  the  phonon  damping 
constant , 

2  2 

w  =  47ipe  /  m  (  6  ) 

p  ^  '  c  ® 


defines  the  bulk  plasma  frequency  due 
to  free  carriers  of  density  _  p  and 
effective  mass  m^ ,  7  is  the  free- 

carriers  damping  constant.  The  7= 

1/<T>=  e/  2Km  pc  values  were 

c 

determined  from  the  carrier  mobility  p 
data  (  Table  1  ) .  The  high-frequency 

dielectric  constant  of  the  lattice 

=  11,6  was  deduced  from  high  frequency 

parts  of  experimental  spectra  (Fig. 2). 

The  others  parameters  w  =  2000 

-1  -1  ^ 
cm  ,  1000'  cm  for  all  the 

samples  have  been  obtained  to  get  the 
best  fit  to  measured  spectra.  The 
phonon  damping_^onstant  F  obtained  was 
of  50-100  cm  ,  that  seems  to  be 
unexpectively  small  for  soft  lattice 
modes  of  superionics.  The  results  of 
calculation  for  two  samples  from  I  and 
TI  groups  (  see  above  )  are  presented 
in  Fig. 2.  Calculations  were  carried 
out  in  two  ways:  1)  by  taking  into 

account  the  hole  as  well  as  the  two- 
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oscillator  fit  from  TO  and  LO  lattice 

modes;  and  2)  witliout  the  i  all  ice 

contribution  as  in  [5].  By  comparison 

of  experimental  and  calculated  spectra 

the  w  <  w  .  values  were  obtained, 
p  min 

then  from  expression  (  6  using  the 

hole  concentration  p=  A  p  the  values 

of  m  were  calculated  {  Tat)le  1  )  . 
c 

The  accuracy  of  calculations  was  of 

10%  for  m  ,  and  of  ~  5%  for  m,. 

c  d 

Experimental  Results  and  Discussion 

Reflection  spectra.  The  reflec;Lion 

spectra  obtained  for  Cu2_^Se  samples 

(Fig. 2)  were  similar  to  those 
presented  in  [5]  and  [14]  .  But  in 
addition  to  [5]  and  [14]  it  was  shown, 
that  for  I  group  spectra  the 
contribution  of  phonon-  plasmon 
coupling  to  reflectivity  R  of  Cu^_^Se 

samples  was  considerable  and  so  could 

not  be  neglected  (  points  3  and  5, 

Fig. 2  ).  Coupling  (  w  /w  =  1,25  for 

P  L' 

curve  3  )  transformed  spectra  near-by 

w  ~  w  and  made  the  plazmon  dip  near 
L 

w  .  more  sharp  (  points  4  and  5 , 
min 

curve  3,  Fig. 2  ),  but  the  values  of  m^ 

(  Table  1  )  were  practically  the  same 

as  no  coupling  taking  into  account 

ones  [5].  For  TI  group  spectra  both 

calculations  of  R  give  rise 

practically  the  same  results  (  points 

6  and  7,  curve  1,  Fig. 2  )  (  w  /w  =  3,4 

P  1-^ 

for  curve  1  )  .  This  is  in  accordance 

with  the  theory  of  the  phonon-plazmon 
resonance  in  solids,  which  predicts 
maximum  coupling  between  the  LO 
phonons  and  the  plasmons  at  w^/Wj^~  1 

and  no  coupling  at  w  /w,  >>  1  [13].  To 

explain  the  outstanding  break  of  the 

spectra  in  two  groups  {  Table  1  )  the 

phase  composition  of  samples  was  taken 

into  account.  In  fact,  the  boundary 

between  this  two  groups  (  Table  1  ) 

is  the  phase  boundary  a/(a+fS),  It  is 

well  known,  that  the  reflectivity  of 

two  phase  (o(+/3)  samples  is  a  result  of 

superposition  of  a-  and  p-  phase 

spectra  [13,14].  Curve  3,  Fig. 2  was 

calculated  using  the  phase  diagram  [3] 

for  two  phase  (a+P)  sample  (  x=  0 , 1  ) 

as  a  superposition  of  experimental 

spectra  of  the  boundary  ‘X/(a+P)  (  x- 

0,05  )  and  («+P)/P  (  0,20  ) 

samples.  But  the  experimental ..  spectrum 

for  Cu,  nnSe  (  w  9000  cm  ,  Table 

1.90  min 

1  )  differs  fundamentally  from 

calculated  one.  So  as  in  [14]  we  have 


c.’onc  1  udei']  ,  t  hat  the  sur'face  states  of 
all  t'ne  saiiipliss  will)  in  the  two  pliase 
(  0,05  X  <  0,20  )  is  of 

0.20,  p , 


(a+p)  region 
the  P  o  II  e  s 
3 


4  .  10^^ Cm 


surf”  ‘^'surf 

).  Such  a  conclusion  seems 
to  be  realistic  because  the  sur'face 
of  sol  ids  may  be  favorable  for  P- 
phase  mobile  ion  excitation  to  occui'. 

From  F i g . 1  one  can 
density  of  state 


F.f  fee  /;  i  \  e 
see  that 
ef  feet ive 


masses , 
the 
mass 


(  300  K  ) 


n 


Cu,, _  Se  is  slight. ly  increased  when  p 

^  21-3 

increased  from  0,01  to  1.10  cm 

and^than  drop  in  p-phase  (  p  >  1.10 

cm  )  (  curves  1  and  2  ) .  Such  an 

extraordinary  behavior  of  m^ ,  holding 


up  to  the  high  temperature  (curve  7), 
may  be  due  to  Cu2_^Se  valence  liand 

being  narrow  (band  width  W  <  1-2  eV ) 
[8]  as  formed  from  3d-  and  Is- 
copper  wa\ e  functions  [17].  The 


values  calculated  (  Table  ]  )  were  ~  4 

time  less  than  m,  ones.  For  two  phase 
d 

(«+p)  region  the  m^  values  were 

calculated  by  using 1)  volume  hole 
concentration  p-  .A  p  as  in  [5];  or  2) 
ultimate  hole  concentg^t i o^  in  (  a+p  ) 
region  Pgu^p  “  4.10  cm  "  evali.ated 

above.  In  so  doing  we  have  obtained 
the  curves  5  and  4  of  two  different 
kind  (  Fig  1  ).  The  first  looks  like 

the  mirror  reflection  of  m^  versus  p 

one  (  curve  5,  Fig.l  ).  For  curve 

Fig.l  the  decrease  of  m  with  p 

*  §1-3 

increa.se  at  p  =  0,2  to  2.10  cm  was 

appeared  in  accordance  t5]_2t  see 

curve  6  ),  for  p  >  2j^l0  cm  the 

increase  of  m  with  p  increase  was 

c 

obtained  (  curve  5  ).  Contrary  to 

curve  5,  the  second  curve  4  seems  to 
be  usual  for  high  degenerated 
semiconductors.  In  [5],  to  extrapolate 
the  cuijTve  _5^  (  Fig.l  )  into  p  < 
0,2.10^  *  region  the„value  of  m  = 

1,1m  at  p=  2.10^  cm  from  [4]  was 

used  (  point  3,  Fig.l  ).  According  to 
[4],  the  last  being  but  not  ,  so 

such  an  extrapolation  seems  to  be 
wrong.  So  we  have  concluded,  that 
curve  4,  Fig.l  represents  the  real 

versus  p  dependence  in  Cu,^_^Se,  the 

m^  negative  non-parabol Isit y ,  declared 

in  [5]  (  curves  5  and  6  ),  is  the 

seeming  effect,  resulted  from  ignoring 
of  the  i;>hase  transformations  a  - > 
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a+p  - >  p  - >  p  +  CUgSeg. 

Multi  valley  band  structure.  From 

curves  1  and  4,  Fig.l  one  can  see  that 

m,  >  m  in  Cu„  Se  for  low  hole 
d  c  2-x 

concentrations,  but  m,  -->  m  for  p 

-->  6.10^^  cm  ^  as  well  as  when  the 

temperature  raised  {  see  curves  7  and 

8  )  .  The  equality  m  ,  =  m  is  known  to 

d  c 

be  the  characteristic  of  standard 

univalley  band  [15].  To  explain  the 

relation  m,  >  m  previously  observed 
d  c 

for  a  number  of  multi  valley 
semiconductors  (  PbTe ,  GeTe ,  Bi2Te2 

and  so  on  [16])  one  use  the  equation 
m^/m^  =  1/3  (N/K)^^^(2K  +1),  (  7  ) 

(  here  N  is  the  number  of  equivalent 
ellipsoids  of  rotation  in  a  band,  K  = 
mf/mt*  m^^  and  m^  -  the  longitudinal 

and  the  transverse  cc mponents  of 
effective  mass  tensor  of  an  ellipsoid) 
as  well  as  the  assumption  for 
complicated  Fermi  surface,  consisting 
of  convex  (  n-type  )  and  concave  {  p- 
type  )  parts  [15,16].  According  to 
band  structure  calculation  made  in 
[17],  the  valence  band  extremum  in 
Cu2_^Se  locates  near  the  F  point  (000) 

of  Brillouin  zone  (  N  =  1  ) ,  so 

multi  valley  Fermi  surface  in  Cu^,  Se 

2-x 

(  i.e.  N  >  1  )  may  arise  due  to  change 

of  the  extremum  from  F  point  and  its 
following  multiplication  by  the 
symmetry  demand.  Using  K=  1  and  the 
ratio  of  m^/m^  ~  4  for  the  samples  of 

the  lowest  hole  concentration  used 

(Fig.l)  one  can  deduce  from  (  7  ), 

that  N  is  of  8.  So  we  consider,  that 

the  hole  extrema  in  CUr,  Se  Brillouin 

2-x 

zone  may  be  changed  along  [111] 
directions  (  N=  8  ).  The  m,  /  m  -ratio 

^  21 

decrement  observed  for  p  -->  1.10 

cm  at  the  room  temperature  (  curve  1 
and  4,  Fig.l  )  may  be  due  to  following 
extrema  consolidation  in  unique  Fermi 
surface  and  Fermi  surface  rounding  off 
while  filling  up  a  zone.  At  T  >  T^  the 

Fermi  surface  rounding  off  is 
increased  by  the  temperature  and  the 
superionic  phase  disorder,  so  m^  /  m^ 

ratio  decrease  was  in  progress  (  curve 
7  and  8 ,  Fig.l  )  . 

Band  approximation.  The  unequality  m^ 


^  m^  observed  (  Fig.l  )  may  be  the 

evidence  for  the  wide  band  approach 
validity  in  superionic  Cu2_^Se  within 

the  temperature  range  used. 
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Abstract 

Experimental  data  on  structure,  electrical  resistivity  and 
thermoelectric  power  of  Re  —  Si  thin  films  are  presented. 
The  composition  x  varies  around  the  Vedue  corresponding 
to  the  ReSii,  compound.  The  transport  properties  of  the 
films  were  measured  in  the  temperature  range  from  300  K 
up  to  1300  K.  The  thermoelectric  properties  of  the  films 
can  not  be  described  on  the  bases  of  the  effective  media 
approximation. 

1  Introduction 

Among  large  variety  of  transition  rnetal  silicides  which 
mainly  show  metallic  type  of  conductivity  a  special  place 
occupy  those  silicides  which  possess  semiconducting  prop¬ 
erties.  They  have  been  considered  as  promising  materials 
for  Si-based  optoelectronic,  photovoltaic  and  thermoelec¬ 
tric  applications  [1,  2].  Within  Re-Si  system  ReSii  is  a 
narrow-gap  semiconductor.  The  forbidden  gap  was  found 
to  be  in  case  of  ReSi2  of  0.12  eV  [3l.  A  great  body  of 
research  has  been  devoted  to  the  studies  of  bulk  silicide 
materials,  see  for  a  review  for  example  [4]  and  epitaxially 
grown  silicide  thin  films  on  silicon  [5,  6l.  Much  less  has 
been  done  in  studies  of  properties  of  the  polycrystalline 
thin  film  of  the  semiconducting  ReSi2  compounds,  par¬ 
ticularly  of  nano-crystalline  materials  [8]. 

Nano-crystalhne  materials  (NC)  are  structurally  char¬ 
acterized  by  ultrafine  grains  and  a  large  volume  fraction 
of  interfaces.  Many  properties  of  such  materials  can  be 
fundamentally  different  from  conventional  poly-  or  single 
crystalHne  materials  [10].  Among  variety  of  methods  for 
synthesis  of  NC  materials  the  crystallization  from  amor¬ 
phous  state  possesses  a  number  of  unique  advantages  [11]. 

o  In  this  method  it  is  very  simple  and  convenient  to 
control  the  crystallization  process.  Conventional  an¬ 
nealing  can  reahze  the  nanocrystcdlization  with  differ¬ 
ent  grain  sizes  in  dependence  on  the  heat  treatment 
conditions. 

a  The  nanocrystaUization  from  an  amorphous  state 
provides  an  unique  method  to  study  interfacial  phe¬ 
nomena  in  NC  materials.  Because  in  this  method  the 
crystalline  phase  is  formed  from  the  amorphous  state 


via  solid  state  phase  transformation  the  internal  in¬ 
terfaces  are  clean. 

o  A  -combination  of  the  heat  treatment  with  in-situ 
transport  property  measurements  or  with  in-situ  X- 
ray  investigations  gives  immediate  and  direct  infor¬ 
mation  about  kinetics  of  nanocrystaUization  process 
and  properties  of  the  material. 

Thin  film  silicides  with  compositions  close  to  the  sto¬ 
ichiometric  composition  of  the  semiconducting  siheides 
form  new  interesting  class  of  heterogeneous  NC  materi¬ 
als.  In  dependence  of  the  initial  film  composition  different 
types  of  the  heterogeneous  compounds  could  be  formed  in 
coarse  of  the  heat  treatment. 

In  this  paper  first  systematic  investigations  of  the  crys¬ 
tallization  processes  in  Re  —  Si  thin  films  eire  presented. 
The  structure  of  the  thin  film  Re  —  Si  compound  was 
studied  by  means  of  in-situ  and  ex-situ  X-ray  measure¬ 
ments.  Transport  properties  (electrical  resistivity  p  and 
thermoelectric  power  S)  were  measured  during  the  heat 
treatment  as  fimctions  of  annealing  time  and  tempera¬ 
ture. 

2  Experimental 

The  films  were  prepared  by  a  magnetron  co-sputtering 
from  pure  component  targets  onto  unheated  Si  substrates 
with  intermediate  Ipm  thick  Si02  layer  to  prevent  a  re¬ 
action  of  the  fihn  with  the  Si-substrate.  The  film  thick¬ 
ness  was  about  100-150  nm.  The  composition  analysis 
of  the  films  was  carried  out  by  Rutherford  backscattering 
spectrometry  (RBS)  and  Energy  dispesive  X-ray  analysis 
(EDXS),  the  former  with  an  accuracy  of  ±lat%.  The 
structure  of  the  compounds  was  determined  by  in-situ 
X-ray  diffraction  measurements  during  annealing  at  tem¬ 
peratures  up  to  1250  K  and  ex-situ  at  room  temperature. 
From  the  X-ray  fine  broadening  analysis  we  estimated  the 
size  of  the  crystalline  grains.  Transport  properties  (p  and 
5)  were  measured  during  annealing  of  the  films  in  high- 
purity  helium  atmosphere.  This  enable  us  to  control  phase 
formation  in  the  films  and  gave  immediate  information 
on  the  transport  properties  of  heterogeneous  compoimds 
which  form  the  film  during  the  heat  treatment.  Electrical 
resistivity  was  measured  by  conventional  DC  four-probe 
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Figure  1:  Electrical  resistivity  and  thermopower  of 
^eo.3i5jo,69  compound. 

o  -  S,  on  heating;  ®  -  S,  on  coohng;  sj  -  p,  on  heating;  v 
-  p,  on  coohng. 


method.  In  case  of  thermopower  differential  method  was 
used.  Both  properties  were  measured  simultaneously  dur- 
ing  the  heat-treatment  of  a  sample  as  functions  of  the 
temperature  or  of  the  time. 


3  Results 

Figure  1  presents  thermopower  and  resistivity  of  a 
-Rco.31-S'*o.69  compound.  The  measurements  were  per¬ 
formed  with  constant  temperature  variation  rate  of 
2K/min  on  heating  and  5K/min  -  on  cooling.  At  T2  = 
1012  A  the  sample  was  annealed  during  about  8  hours. 
Abrupt  changes  in  both  thermopower  and  resistivity  at 
850  K  are  connected  according  the  X-ray  data  with  the 
ReSi2  crystalhzation. 

Within  investigated  range  of  the  composition  of  the 
Re^Sii-x  films  (0.3  <  x  <  0.42)  this  temperature  is  near¬ 
ly  independent  on  the  Re/ Si  ratio. 

From  X-ray  data  it  follows  that  in  the  films  with  Re  ex¬ 
cess  the  crystallization  of  Re  starts  at  temperatures  950  K 
-  1000  K.  The  in-situ  X-ray  measurements  and  the  X-ray- 
hne  broadening  analysis  yield  information  on  the  phase 
composition  and  crystaUine  grain  sizes  (d)  in  dependence 
on  annealing  temperature.  These  data  are  collected  in 
Table  1.  Reo.aad’z’o.ei  sample  had  been  annealed  at  900  K 
for  2  hours  before  the  in-situ  X-ray  experiment. 


Table  1:  Crystalline  grain  sizes  from  in-situ  X-ray  data  at 
different  amieahng  temperatures  Ta 


R^o.s^Sio.ei 

Reo.34Sio.QQ 

T.,  K 

d,  uni 

d,  nni 

ReSi2 

Re 

ReSi2 

750 

52 

- 

- 

800 

51 

- 

- 

850 

58 

- 

- 

900 

69 

- 

24 

950 

50 

22 

17 

1000 

93 

27 

16 

1050 

83 

24 

18 

1100 

190 

48 

22 

1150 

- 

- 

23 

1200 

- 

- 

26 

1250 

- 

- 

37 

1300 

- 

- 

57 

Figure  2  shows  dependencies  of  the  resistivity  and  ther¬ 
mopower  on  the  annealing  time  at  the  constant  temper¬ 
ature  (1012K).  Note  nonmonotonous  veiriation  of  the  re- 
sistiviij  ana  strong  increase  of  the  thermopower  which 
change  its  sign  in  the  coarse  of  anneahng. 

From  X-Ray  data  it  follows  that  on  this  stage  of  anneal¬ 
ing  the  fihn  consists  of  the  nano- crystalline  ReSi2  within 
amorphous  Re- Si  matrix  (we  will  call  such  films  partially 
crystaUized  (PC)  films). 

4  Discussion 

From  table  1  it  is  seen  that  in  a  oroad  range  of  the  anneal- 
ing  temperatures  of  the  Re-Si  films  the  grain  size  of  the 
crystalline  phases  remains  constant.  That  means  that  the 
crystallization  progresses  not  due  to  a  growth  of  individual 
grains  but  due  to  increasing  number  of  NC  grains  within 
amorphous  matrix.  This  result  .is  in  agreement  with  the 
recent  thermodynamic  analysis  of  the  crystallization  from 
an  amorphous  state  [11]. 

Structurally  the  PC  silicide  films  are  similar  to  the  gran¬ 
ular  films.  But  there  exists  an  essential  difference  between 
these  NC  systems.  A  classical  granular  film  consists  of 
NC  metallic  particles  in  an  insulating  matrix  [13] .  In  con¬ 
trast  to  that  in  the  PC  sihcide  films  one  or  both  compo¬ 
nents  could  be  narrow-gap  semiconductors.  Moreover  the 
conductivity  of  the  components  can  depend  on  the  film 
composition  and  its  rmcrostructure.  To  our  knowledge  no 
theoretical  consideration  of  the  transport  properties  have 
been  made  for  such  NC  composites. 

For  PC  Re-Si  compounds  with  Si-excess  we  have  ob¬ 
served  in  most  cases  that  p  ~  exp(T* jTf  with  t  varying 
from  I  to  1  as  it  was  found  for  granulcir  metals  [13].  How¬ 
ever  for  some  Si-reach  films  at  the  initial  stage  of  annealing 
we  have  found  that  p  ~  exp(-T/To). 
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Figure  3:  Variation  of  the  electrical  resistivity  (solid  line) 
and  thermopower  (broken  hne)  of  a  binary  mixture  with 
the  composition  according  to  the  EMA  prediction. 


t,  min 

Figure  2;  The  variation  of  the  electrical  resistivity  and 
thermopower  of  Eeo.3i5io,69  with  annealing  time  t  at 
T^1013K. 

□  -  p;  A  -  5. 

In  a  vicinity  of  the  stoichiometric  ReSi^  composition 
and  on  the  Re-rich  side  our  PC  films  reveal  a  different 
behavior.  In  the  Re  -  rich  PC  compounds  the  electrical 
resistivity  is  a  linear  function  of  the  temperature  with  a 
negative  temperature  coefEcient:  p{T)  =  a  +  b-T  (b  <  0). 
Close  to  the  stoichiometric  RejSi  ratio  the  resistivity  of 
PC  films  follows  to:  p{T)  ~  —  There  is  no 

single  conductivity  mechanism  which  could  account  for 
the  observed  temperature  dependent  resistivity  of  the  Re- 
rich  and  nearly-stoichiometric  PC  films. 

Effective  media  approximation  (EMA)  is  commonly  em¬ 
ployed  to  describe  the  composition  dependence  of  compos¬ 
ite  system  properties  [14,  16].  Partictdarly  the  electrical 
resistivity  p  of  a  two  -  component  composite  system  can 
be  represented  within  EMA  by  the  so  called  generalized 
effective  media  equation  [14]: 

f  ■  (1  -  /)  •  [P^^*  -  P^l  ^  Q 

■  /c/(l  -  fc)  P'/*  +  P2^‘  •  /e/(l  -  fc) 

where  f  is  the  volmne  fraction  of  the  component  ”1”  and  fc 
corresponds  to  percolation  threshold.  Whereas  the  ther¬ 
mopower  is  given  by  [15] 

^  (■S'lP2^2  ~~  S2P1K1)  -f  K,-p{S2  —  Si) 

K2P2  “  '^iPl 

EMA  predicts  that  both  electrical  resistivity  and  ther¬ 
mopower  should  be  monotonous  functions  of  the  volume 
fraction  /  of  one  of  the  components  as  it  is  schematically 
shown  in  Figure  3. 


Now  the  question  arises,  whether  EMA  is  able  to  de¬ 
scribe  the  properties  of  our  NC  and  PC  films.  In  general 
the  NC  silicides  with  a  large  deviation  of  the  composition 
from  that  of  the  ReSi2  compound  are  composite  systems 
with  components  whose  properties  are  changing  in  the 
coarse  of  the  heat-treatment.  But  in  PC  compounds  close 
to  the  stoichiometric  Si/Re(Cr)  ratio  the  atomic  compo¬ 
sition  of  both  the  crystalline  and  amorphous  phases  re¬ 
mains  the  same  during  the  annealing  procedure,  only  the 
volume  fractions  of  these  phases  are  varying.  The  X-ray 
data  confirm  that  no  other  phases  appear  in  such  com- 
poxmds.  Therefore  we  can  assume  that  from  structural 
point  of  view  at  least  the  stoichiometric  films  are  the  NC 
binary  mixtures. 

Starting  from  the  single-phase  amorphous  film  we  can 
continuously  transform  by  heat-treatment  such  films  into 
crystalline  single-phase  state  having  for  PC  films  a  mix¬ 
ture  of  amorphous  and  NC  phases. 

Figured  presents  the  resistivity  and  thermopower  varia¬ 
tion  of  the  film  with  composition  Rcq  close  to  the 

stoichiometric  composition  of  ReSi^  with  the  annealing 
time. 

The  film  was  annealed  at  fixed  temperatures  from  785  K 
up  to  1090  K  in  high-purity  helium  atmosphere.  Each 
point  at  figure  4  represents  the  resistivity  or  thermopower 
measured  (simultaneously)  at  350  K  after  annealing  dur¬ 
ing  a  given  time.  The  most  important  conclusion  which 
one  can  make  from  these  dependencies  is  that  neither  the 
resistivity  nor  the  thermopower  follow  the  predictions  of 
the  EMA  shown  in  figured.  Both  thermopower  and  resis¬ 
tivity  of  the  PC  fibn  are  considerably  larger  than  those 
of  single  phase  film  (amorphous  or  poly-crystaUine).  This 
implies  that  in  the  PC  films  the  interfaces  between  amor¬ 
phous  cind  NC  phases  play  an  importcint  or  even  dominant 
role  for  the  high-temperature  transport  properties. 


209 


0  1000  2000  3000  4000  5000 

annealing  time,  min 


Figure  4:  Electrical  resistivity  g(350)  (v)  and  ther- 
mopower  5(350)  (9)  of  the  Reo.34Sio.e6  film  in  dependence 
on  the  anneahng  time. 

5  Conclusion 

Structure  and  transport  properties  of  amorphous  and  NC 
Re-Si  thin  films  have  been  studied.  The  composition  of 
the  films  varies  in  a  vicinity  of  the  stoichiometric  Sij  Re 
ratio  of  semiconducting  ReSi2  compound.  The  NC  films 
were  obtained  from  the  amorphous  state  by  heat  treat¬ 
ment  procedures.  X-ray  and  transport  property  data  show 
that  the  activation  temperature  of  the  ReSi2  cryst^llliza- 
tion  is  about  850  K.  This  temperature  is,  nearly  composi¬ 
tion  independent.  Above  this  temperature  the  compounds 
consist  of  the  amorphous  phase  and  NC  ReSi2  phase. 

In  Re-Si  films  with  Re-excess,  pure  Re  crystallizes  above 
about  950  K. 

In  a  broad  range  of  annealing  temperatures  the  crys- 
taUization  progresses  due  to  increasing  number  of  the  NC 
grains  with  an  average  size  of  20  -  50  nm.  The  analysis  of 
composition  dependencies  of  the  electrical  resistivity  and 
thermopower  reveals  that  they  do  not  follow  to  the  pre¬ 
diction  of  commonly  used  effective  media  approximation. 
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m  the  hopping  regime 
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In  the  present  work  the  results  of  the  experimental  study  of  the  electrical  conductivity,  the 
thermopower  and  the  thermoconductivity  of  some  semiconductor  materials  with  the  polaronic 
transport. 


The  small  polaron  is  formed  in  result  of  a  strong  interaction  of 
electrons  with  longitudinal  optical  phonons.  When  a  temperature 
gradient  applied,  the  phonon  subsystem  is  drived  to  an 
inequilibrium  state.  When  the  temperature  is  not  too  low,  it 
concerns  not  only  acoustical  but  optical  phonons  too:  the 
corresponding  branch  population  is  determined  by  the  parameter 

kT jhco^vj'xMn  the  classical  limit. 

The  heat  flux  maintained  by  this  branch  can  be  written  as 
=  CTVjjg ,  where  C  is  the  longitudinal  branch  contribution 
to  the  heat  capacitance,  Vj;„  is  the  drift  velocity  of  these  phonons. 
It  can  be  expressed  in  terms  of  the  group  velocity  v,„  and  the 


thermoconductivity: 


Here  v,„  is  the  group  velocity  of  the  branch,  I,,,  is  the  mean  path. 
The  electric  field  induced  by  the  drag  effect  creates  the  electron 
current  in  opposite  direction  with  the  drift  velocity  : 

(iF,  —  ,  //  -  is  the  drift  mobility  of  electrons. 

At  low  temperatures  T<0  {9  is  Debye  temperature)  total 

quasimomentum  carried  by  optical  phonons  increases  with 
temperature  giving  rise  to  the  exponential  factor: 

1  / 

£  =  LlhOo-S/T ■  e  ’’’ 

3  nT 


3  kj 

1  kjj  ^ to'^ ph 


where  stands  for  the  phonon  transport  time,  ^ 

is  the  polaron  diffusion  coefficient. 

Small  value  of  the  polaron  diffusion  coefficient  enables  a  sound 
contribution  of  the  drag  effect  into  the  thermopower  in  the 
polaronic  semiconductor  notwithstanding  the  deviation  of  the 
phonon  distribution  function  from  the  equilibrium  state  is  rather 
small  for  an  optical  branch. 

In  result  we  get  the  temperature  dependence  qualitatively  fitting 
fast  thermopower  increase  at  low  temperatures  <9  ~  hcofkg  , 
observed  in  experiments.  (Fig.  l) 


Fig.  1 .  Measured  thermoEMF  of  bulk  samples  P-FeSij 
with  different  impurities. 
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Notice,  that  this  mechanism  gives  rise  to  the  essential  anisotropy 
of  the  thermopower.  In  opposite  to  the  isotropic  contribution 
given  by  the  Morin  formula: 

e  T  e  \N-nJ 

where  is  the  chemical  potential,  n  is  the  carrier  concentration: 
formula  (1)  provides  a  pronounced  anisotropy. 

At  high  temperatures  {T>9)  the  drug  effect  can  be  considered  as 
saturated:  drift  velocities  of  phonons  and  polarons  are 
approximately  equal. 

The  following  dimensionless  parameters  aie  introduced  in  the 
small  polaron  theory  [1] 


where  J  is  the  intersite  tunneling  parameter  and  mo  is  the 
characteristic  phonon  frequency.  is  the  activation  energy. 

At  /7,  «  1  ,  «  1  the  problem  is  significantly  simplified 

and  can  be  reduced  to  the  Holstein  two-site  problem  [2].  In  the 
case  of  the  non-adiabatic  polaron  ?72  ^  ^ 


(4) 
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where  Z  is  the  nearest  neighbor’s  number. 

Now  we  can  estimate  the  polaron  contribution  to  drag  effect  for 
not  too  high  temperatures,  when  phonon-phonon  scattering  can 
be  neglected: 


1  k, 

3  e  (Z  4;T)ty„ 


e 


V- 


Att  k 


II 


3Z  e 


(5) 


where  Aco  is  the  phonon  band  width  characterizing  the  dispersion 
of  the  mode.  We  take  for  an  estimate 

AcojOg  ~  0.1  ,  Acot ~  1 .  Thus,  the  effect  is  not  small  but 
decreases  with  the  temperature  increase.  On  the  other  hand,  a 
decrease  of  the  temperature  freezes  optic  phonons  decreasing  the 
optical  phonon  contribution  to  the  thermoconductivity. 

At  higher  temperatures  phonon-phonon  scattering  due  to  the 
enharmonic  interaction  makes  the  drag  effect  ineffective, 
resulting  in  a  power-law  decrease  of  the  thermopower. 


Our  estimations  allow  us  to  make  the 
following  conclusions: 

1.  The  suggested  mechanism  of  the  optical  phonon  polaron 
drag  effect  qualitatively  correctly  describes  the  observed 
thermopower  temperature  dependence  with  the  characteristic 
maximum  at  high  temperatures. 

2.  Our  calculations  overestimate  the  contribution  as  the  drag 
effect  was  supposed  to  be  perfect  that  can  be  true  only  if 
longitudinal  phonons  control  the  polaron  mobility  so  that  an 
influence  of  other  branches  is  negligible. 

3.  The  drag  effect  on  polarons  considered  above  can  manifest 
itself  not  only  in  the  thermoelectric  power  but  in 
thermoconductivity  too.  It  follows  from  an  interference 
between  electronic  and  phonon  energy  fluxes  in  the  Kubo 
formula.  At  low  temperature  (band  transport  regime) 
electronic  contribution  enhances  the  thermoconductivity. 
When  the  temperature  increases,  polaron  mobility  very  fast 
decreases  and  polarons  can  be  considered  as  a  sort  of  short- 
range  scatterers  for  phonons  making  the  thermoconductivity  to 
decrease.  Nontrivial  behavior  can  be  waited  in  the 
intermediate  temperature  range  that  can  be  seen  on  the  Fig.  3 


Fig.  2.  Conductivity  vs  T.  (Labels  see  Fig.  1.) 
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Formation  of  a  thermodynamically  equilibrium  heterostruc- 
ture  in  the  crystal  of  HMS  [1]  (Fig.l)  is  determined  by  incom¬ 
mensurate  manganese  and  silicon  sublattices  along  tetrago¬ 
nal  C  axis  (Fig. 2, 3).  Peculiarities  of  HMS  crystal  structure 
show  themselves  in  .strong  anisotropy  of  kinetic  properties: 
thermoelectric  power  170  —  100  ftV/K,  electrical  conductivity 
100  —  700  Ohm~^  enr^,  at  room  temperature  parallel  and 
perpendicular  axis  C,  accordingly  [2],  and  what  especially  sig¬ 
nificant  in  anisotropy  of  optical  properties  [3]. 

Study  of  reflection  spectra  HMS  in  a  wide  spectral  range 
0.5  to  500  fim  manifest  strong  polarization  dependence  of  lat¬ 
tice  oscillator  numbers  upon  the  orientation  of  electrical  vec¬ 
tor  in  relation  to  axis  C  (Fig. 4).  At  perpendicular  orientation, 
F.  -L  C,  rich  set  of  oscillators  in  the  range  20  —  500  iim  is  ob¬ 
served.  At  the  same  time  at  parallel  orientation,  E  ||  C,  only 
one  oscillator  about  20//m  is  observed.  Besides,  at  perpendic¬ 
ular  orientation  anomalous  for  classical  crystals  dependence 
of  plasma-reflection  from  orientation  of  wave  vector  k  relative 
axis  C  is  found. 

HMS  quasicrystals  can  be  used  in  a  wide  field  of  new  highly 
effective  optoelectronic  devices.  On  the  basis  of  11  MS  qua¬ 
sicrystals  highly  sensitive  IR  detectors  devices  have  been  cre¬ 
ated  and  tested  aln'ady  [4].  The  high-speed  thermoelectric  de¬ 
tectors  of  radiation  (HSTD)  based  on  HMS  single  crystals  has 
higher  detectivity  D~  than  tlicrmodetectors  based  on  piroelcc- 
tric  effect  [5].  The  response  times  of  HSTD  are  up  to  1  /is  in  a 
harmonic  regime  and  up  to  10-1  ps  in  differential  one,  that  is 
much  lower  than  the  response  time  of  the  usual  thermoelectric 
detectors  which  is  not  more  than  5  rns  as  a  rule.  The  HSTD 
can  be  used  for  producing  devices  for  absolute  measurements 
of  any  kind  of  radiation.  Using  a  HSTD  matrix  one  can  obtain 
high  sensitive  visualisator  of  radiation  pattern,  for  example,  a 
new  type  of  IR  thermovisor  could  be  designed. 

In  the  present  work  an  investigation  of  spatial  and  fre¬ 
quency  dependence  of  potential  difference  U{x,f)  observed 
in  HMS  sample  was  carried  out  (Fig. 5).  At  the  measure¬ 
ment  quasiharmonic  miodulation  of  heat  flow  q  was  applied: 
q  —  ^(1  -Fsin27r/),  where  /  -  modulation  frequency.  The  an¬ 
gle  between  spreading  heat  flow  q  and  axis  C  was  about  10°. 
Local  heated  area  (diameter  !  mm)  of  upper  sample  face  was 
steadily  moved  from  the  first,  contact  {x  =  1.5mm)  to  the 
other  one  (x  —  7.3mm).  It  is  seen  from  U{x,f)  dependencies 
(Fig. 6)  that  amplitude  of  output  voltage  of  unmodulated  heat 
flow  q{f  =  0/iz)  is  defined  by  loiigii.iulinal  amplitude  compo¬ 
nents  ti {i.brnrn,QH z)  and  f ''(7.3mm,  O/iz),  transverse  ampli¬ 
tude  component  U [AAmm,QlI z),  and  their  sign.  At  non-zero 
modulation  frequency  curve  strongly  depends  on  phase  differ¬ 
ence  of  components  indicated.  Resonance  character  of  phase 
dependence  U{x,f): 

[/{‘irrnu.on  z)  =  0  =>  <!>U(4Amm,0H.!)  =  4‘!!(7.:^rnrn,OHz) 

F  {()1  linrr'.iQHz)  =  0  => 

indicates  l.liat  weakly  damping  wave  exists. 


By  a  definition,  a  wave  is  excitation,  which  transfers  energy 
without  mass  transmission  -  transferring  of  thermoelectric  part 
of  energy  of  heat  flow  into  the  input  of  registered  chanel  de¬ 
vices  is  observed  as  amplitude  of  signal.  One  of  the  main 
harmonic  wave  characteristic  is  phase  (j>  =  IxfiA-flo  -  crossing 
A^i  of  output  signal  over  tt  ,  which  is  natural  for  a  resonance, 
is  observed.  lJ[x,f)  dependence  shape  is  essentially  changed 
with  decreasing  thickne.ss  of  sample  plate  (Fig. 7).  Observed 
at  small  thickne.ss  set  of  extrema  U[x,f)  can  be  connected 
with  crossing  of  phase  differences  of  components  next  values: 
A(j>  —  nn,  where  n  =  1,2,3,..  ..  Observed  effects  can  not  be 
described  by  slow  temperature  waves  [6]: 

T  zz:  (1) 

w'here  A  =;  2a/u>,  a  -  temperature  conductivity.  The  reason 
is  that  according  to  formula  (1),  temperature  waves  damping 
is  so  significant,  that  really  only  heat  frontier  is  observed,  i.e. 
Alp  <  7r/4  .  Because  Ap  =  n.7r,  where  ri  >  1  is  observi'  in 
experiment,  it  is  possible  to  admit  that  dynamic  vertex  cur¬ 
rent  contribution  into  the  process  of  heat  flow  spreading  leads 
to  appearance  of  weakly  damping  thermoelectric  wave,  which 
spreading  gives  local  decreasing  and  increasing  of  temperature 
into  the  crystal  volume. 
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Figure  6:  Space  dependence  of  potential  difference  on  HMS 
plate  at  thickness  ss  200/im  for  various  modulation  frequency. 
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Figure  7:  Space  dependence  of  potential  difference  on  HMS 
plate  at  modulation  frequency  10  Hz  for  various  thickness. 


Figure  5;  Scheme  of  the  experiment  on  observation  of  thermo¬ 
electric  waves 
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Electrochemical  deposition  of  metal  layers  on  the  transition  metal  silicides 
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A.F.  Ioffe  Physical- Technical  Institute,  St. Petersburg,  Russia. 


A  method  of  electrochemical  deposition  of  metal  layers  on  silicide  substrate  and  electrolyte  composing  is  suggested.  The  method 
allows  to  produce  metal  layers  of  reliable  connection  with  substrate  material  and  of  low  transition  resistance. 


Introduction 

The  deposition  of  metallic  layers  with  low  electric  resistivity  on 
a  boundary  between  metal  and  semiconductor  material  (i?o)  is 
important  problem  in  the  technology  of  thermoelectric  devices 
production.  To  be  used  in  thermoelectric  generators  the  layers 
must  not  lose  electrical  properties  at  high  temperature  and 
when  thermocycling. 

We  suppose  to  use  electrochemical  deposition  method  to 
solve  this  problem.  It  is  found  out  experimentally  that  transi¬ 
tion  metal  films  on  some  transition  metal  silicides  with  proper¬ 
ties  mentioned  above  can  be  obtained  only  if  electrolyte  com¬ 
bines  properties  of  polishing  dissolver  (PD)  and  solution  for 
electrochemical  deposition  (ED)  of  metallic  films. 

So  the  main  aims  of  our  work  were: 

l.,to  find  simple  method  which  let  us  to  compose  solutions 
combining  PD-  and  ED-properties  :  ”PD,ED-electrolytes”. 

2. to  find  different  ”  PD,ED-electrolyte”  compositions  for  de¬ 
position  metal  films  on  different  semiconductors. 

Some  questions  of  electrochemical  polishing 
and  deposition 

It  is  known  [1]  that  there  is  a  liquid  layer  (LL)  in  solution  neat 
the  surface  of  sample  or  a  solid  layer,  (SL)  on  the  surface  which 
consists  of  products  of  reaction  between  surface  and  solution 
for  both  chemical  (CH)  and  electrochemical  (ECH)  polishing 
process.  LL  and  SL  form  a  structure  for  transmission  of  free 
charge  along  surface  and  between  surface  and  solution.  Such  a 
structure  usually  has  high  electrical  resistivity.  We  suppouse, 
a  polishing  regime  can  exist  only  when  SL-LL  structure  pro¬ 
vides  higher  rate  of  charge  exchange  between  various  points  of 
solid  surface  than  between  the  surface  and  solution.  The  dis¬ 
advantage  of  such  a  process  is  low  rate  of  polishing  because  of 
LL-SL  structure  high  resistivity.  To  increase  the  polishing  rate 
it  is  necessary  to  reduce  the  resistivity  of  interface  structure. 

We  supposed  that  such  an  interface  structure  can  be  formed 
by  metal  ions  and  an  acid  (for  silicon  based  materials  HF  can 
be  used). 

In  solution  of  a  metal  salt  the  concentration  of  metal  ions 
of  certain  valence  is  much  higher  than  concentration  of  metal 
ions  of  other  valence.  Such  a  state  is  an  equilibrium  one.  Acid 
addition  can  result  in  forming  almost  inequilibrium  state  with 
higher  concentration  of  metal  ions  of  other  valence  in  com¬ 
parison  with  concentration  without  acid  (so  called  resonance 
structure  [2]). 

So,  there  are  ions  of  various  valence  in  the  structure  and 
hence  a  lot  of  energy  states  takes  place.  The  occupation  of 
the  structure  with  free  current  carriers  takes  place  when  anodic 
activating  the  substrate.  The  free  carriers  are  generated  either 
when  negative  ions  discharging  on  anode.  These  processes 


result  in  production  of  a  layer  enriched  in  free  carrier's. 

Such  an  electrolyte  can  be  used  as  a  polishing  dissolver  only 
at  first  stage  of  the  deposition  process  when  a  current  direction 
allows  only  polishing.  At  the  second  stage  at  opposite  current 
direction  both  processes  (polishing  and  deposition)  take  place 
but  the  deposition  rate  is  much  higher  than  that  of  polish¬ 
ing.  The  use  of  the  first  stage  enable  us  to  apply  unpolished 
substrates  cut  with  a  diamond  disk. 

Metal  layer  deposition  and  electrolyte  com¬ 
posing 

PD-ED  electrolyte  can  be  composed  using  optical  trans¬ 
parency  spectrum  of  solutions  in  visible  light.  To  find  the 
composition  of  electrolyte  we  applied  the  next  rules: 

1.  Spectrum  of  metal  ions  solution  was  considered  as  a  base 
one. 

2.  Others  components  were  added  in  a  maximum  concen¬ 
tration  which  changes  the  base  spectrum  not  more  than  5%. 

Metal  ion  concentration  can  vary  in  very  wide  range  -  from 
2  g/1  up  to  solving  limit.  The  concentration  increase  results 
in  deposition  rate  increase. 

We  used  these  rules  to  compose  electrolytes  for  Ni,  Co,  Cr 
deposition  on  higher  manganese  and  iron  silicides  and  cobalt 
monosilicide.  Such  electrolytes  allow  to  deposit  metal  films 
with  thickness  up  to  200  fim.  Fig.l  shows  the  section  of  nickel 
layer  deposited  at  higher  manganese  silicide  substrate.  The 
rate  of  deposition  is  not  higher  than  20  ^im/min  and  depends 
on  metal  ion  concentration  and  current  density.  Fig. 2  shows 
dependence  of  deposition  rate  on  current  density  at  cobalt  ions 
concentration  400  g/1. 

Properties  of  deposited  layers 

fransition  resistance  Rq  of  deposited  layers  of  transition  met¬ 
als  on  silicide  substrate  was  measured  by  microprobe  method. 
All  layers  had  transition  resistance  less  than  1  ■  ■  cvn} . 

Some  layers  were  ruptured  to  check  connection  quality.  More 
than  90  %  layers  were  ruptured  with  substrate  material  cov¬ 
ering  all  layer. 

Layers  of  nickel  and  chromium  deposited  on  higher  man¬ 
ganese  silicide  were  used  for  thermoelement  production  [3]. 
The  thermoelements  worked  in  air  at  800  K  during  700  hours. 
Transition  resistance  increase  was  less  than  10%  during  first 
100  hours  and  less  than  2%  during  other  600  hours.  The  ther¬ 
moelements  underwent  by  thermocycling  from  room  tempera¬ 
ture  to  800  K  and  vice  versa.  There  was  no  noticeable  change 
in  transition  resistance  after  100  cycles. 
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Figure  1 :  Section  of  nickel  layer  deposited  at  higher  manganese 
silicide  (HMS)  substrate.  It  is  possible  to  see  a  HMS  cavern 
filled  by  nickel 


,  2 

Current  density,  A/m 


Conclusion 

The  method  proposed  for  electrolyte  composing  and  electro¬ 
chemical  deposition  of  metal  layers  on  silicide  substrate  al¬ 
lows  to  produce  layers  which  can  be  used  in  thermoelement 
production.  Due  to  their  low  transition  resistance  and  high 
connection  reliability  such  layers  can  increase  working  time  of 
thermoelectric  generators  and  decrease  the  volume  of  thermo¬ 
electric  used  in  such  a  generator. 
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Figure  2:  Dependence  of  cobalt  deposition  rate  on  current 
density  at  cobalt  ions  concentration  400  g/1. 
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Usually  compounds  are  characterized  metallic  proprieties.  Some  ternary  compounds  being  formed  by  metals  evince  nou-ordinar> 
electrophysical  characteristics.  In  first  order  this  has.  to  do  with  so-called  Gaislcr's  phases  of  M*M’*Sn  equiatomic  structure,  where  M*  - 
transition  elements  of  IV  group  of  Periodic  System,  M^'  -  metals  of  Fe  or  Pt  family.  They  posses  a  MgAgAs  type  cubic  stnicture  and 
some  from  them  are  semiconductors  with  narrow  forbidden  zone  of  energy.  By  our  investigation  the  pcrspectivity  of  M*M’‘Sn  as  middle- 
and  high-temperature  thermoelectric  materials  was  shown  due  to  their  high  melting  temperatures  (about  2(K)()°C).  simple  method  of 
synthesis  and  fine  thermoelectric  characteristics.  The  new  results  of  properties  of  intermetallic  compounds  n-,  p-NiZnSn,  TiNiSn. 
GfNiSn  and  others  are  presented. 


1.  introduction. 

The  intermetallic  compounds  (internietallids)  are  compounds, 
formed  between  metals  or  metals  and  semimetals  (or  even  with 
some  non-metals,  for  example:  Boron,  Carbon.  Nitrogen)  are 
characterized  usually  by  electrokinetic  properties,  poorly 
distinguished  from  properties  of  metals.  Though  the  properties  of 
internietallids  of  transitive  metals  with  Tin  (especially  ternary) 
are  investigated  insufficiently,  however  the  being  available  data 
testify  to  them  non-ordinar  electrophysical  characteristics  [1]. 
First  of  all  it  concerns  to  so-called  Gaisler's  phases  of  Me'Mc''Sn 
equiatomic  structures,  there: 

Me’  -  transition  elements  of  IV  group  of  Periodical  system. 

Me”-  metals  of  Fernim's  and  Platinum's  family. 

They  possess  a  MgAgAs-type  cubic  structure,  and  some  from  its 
are  semiconductors  with  narrow  forbidden  zone  of  energy,  in  spite 
of  the  fact  that  they  are  formed  by  typical  metals. 

It  is  known,  that  some  of  narrow-zone  semiconductors,  for 
example,  FeSij  [2],  or  solid  solutions  Si-Ge  [3|.  are  good 
thermoelectrical  materials. 

Researches  carried  out  by  as  have  shown  a  pcrspectivity'  of 
Me’Me”Sn  phases  as  high-temperature  thermoelectric  materials. 
Crystal  chemical  analysis  and  review  of  properties  of  Gaisler's 
phases  in  Me'Me”Sn  and  some  new  results  are  presented  in  this 
work. 

2.  Composition  and  Crystal  Structure. 

Me'Me”Sn  stannides  of  MgAgAs  stnicture  ty'pe  and  their 
parameter  of  ciystal  lattice  a  are  shown  in  Table  1  [4-6].  Stnicture 
type  of  gAgAs  is  a  superstructure  to  type  of  CaF2  |7.8|.  As  atoms 
occupy  positions  of  Ca  atoms.which  are  form  the  most  dense 
cubic  packing  (4(a)  0  0  0),  Ag  and  Mg  atoms-  positions  of  Ftor 
atoms  allocated  in  thetrahedral  emptinesses.  In  connection  with 
well-ordered  distribution  of  atoms  Ag  (4(c)  1/4  1/4  1/4)  and  Mg 
(4(d)  3/4  3/4  3/4)  type  MgAgAs  belongs  to  another  space  group 
(F43m),  than  type  CaF2(Fm3m).  The  structure  of  MgAgAs  is 
showed  on  Fig.  1 . 


Fig.l.  Elementary  cell  of  MgAgAs  structure  (a)  and  coordinate 
polygrams  of  As  (b)  and  Mg(Ag)  (c)  atoms. 


Coordinate  polygram  |CP|  of  As  atoms  is  a  ctibe.  Mg  and  Ag 
atoms-  a  thetrahedr  formed  by  As  atoms.  If  we  admit  that  CP  of 
this  atoms  was  formed  also  by  atoms  situated  by  a  distance  of  l/2a 
(  -0,3  nm).  which  form  regular  octahedron,  then  CP  Ag  and  Mg 
is  a  combination  of  cube  and  octahedron  (Fig.l). 

Table  1. 

Parameter  of  lattice  of  stannides  staictural  type  MgAgAs. 


a,  nm 

a,  uin  1 

iOSSHI 

wEmm 

mmm 

TiRliSn 

0.62 

ma^m 

TiIrSn 

0.61890 

NbCoSn 

■QESE3H 

TiPtSn 

ZrNiSn 

0.6113 

ZrPdSn 

0-.6321 

MnPTSn 

0.6263 

With  the  same  atomic  coordinates  it  is  possible  another 
distribution,  which  was  observed  for  MgCuSb  compound.  In  this 
case  atoms  of  smallest  size  (Cu)  occupy  positions  4(a),  atoms  Mg- 
4(c),  atoms  Sb  -  4(d).  If  the  origin  of  coordinate  basis  will  be 
displaced  to  an  atom  Sb  position,  than  Cu  atom  position  will  be 
correspond  to  thetrahedrical  emptiness,  positions  of  Mg  atoms- 
octahedrical  emptinesses  of  the  densest  packing.  Like  that, 
structure  type  MgAgAs  is  vacancial.  a  half  of  thetrahedrical 
emptinesses  are  unoccupied  there.  Filling  of  these  emptinesses 
results  in  Gaisler's  phases  Me’Mc”Sn  and  to  a  stnictural  type 
MnCu2Al.  The  correlation  between  structures  MgAgAs  and 
MgCuSb  is  in  details  considered  in  [9|.  Authors  [9]  proceed  from 
the  assumption  that  As  and  Sb  arc  anions.  If  the  type  of  coupling 
is  like  to  ionical.  that  anion  (As)  is  surrounded  by  8  cations  (Ag, 
Mg),  every  cation  -  by  4  anions,  and  in  this  case  MgAgAs  type  is 
realized.  If  type  of  coupling  is  closer  to  metal,  as  it  lake  place  for 
MgCuSb,  anion  (Sb)  is  surrounded  by  4  cations  (Cu),  one  of 
cations  -  by  4  cations  and  4  anions,  another  cation  -  by  4  cations, 
and  MgCuSb  type  is  formed.  Now  in  the  literature  there  is  one 
designation  -  structural  ty  pe  MgAgAs  (61 . 

The  analysis  of  literature  data  shows,  that  if  Me*  and  Me”  are 
transitive  metals,  or  one  of  metals  is  transitive,  than  4(a)  000 
position,  as  a  rule,  occupy  atoms  with  small  size.  Manganese  may 
occupy  position  4(a)  or  4(c)  1/4  1/4  1/4  in  compounds  with 
Platinum  metals,  which  have  a  radii  e.xceed  a  Mu  radius.  Gaisler's 
phases  of  equiatom  composition  may  be  formed  by  s-  and  p- 
metals  also  in  compounds  with  N,  P,  As.  Bi.  In  these  compounds 
4(a)  positions  occupy  p-element  atoms  of  the  V-group  periodical 
system.  If  the  state  of  atpm  in  compound  corresponds  to  metallic 
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one,  then  it  conforms  with  the  tendency  to  occupy  4(;i)  position  by 
atoms  which  have  a  small  size.  However,  as  is  sliown  in  [X|. 
compounds  which  possess  such  atomic  distribution,  have  a 
semiconducting  character  and.  apparently,  covalent-ion  bond  have 
been  displayed,  and  it  lead  to  changing  of  radii  in  comparison 
with  metallic  state.  The  correlation  between  atomic  radii  Me'  and 
Me"  (or  opposite)  don't  exceed  1.24.  and  more  than  2/,l  of 
compounds  liave  the  radii  correlation  lies  inside  range  from  I  ()l) 
to  1,10.  It  indicates  that  the  influence  of  sizing  factor  to  MgAgAs 
phase  type  formation  exist,  How'ever,  by  a  fact,  the  main  role  for 
stich  compounds  formation  belongs  to  factor  of  electronic 
concentration  (EC). 

It  must  be  noticed  that  eqtiiatomic  compounds  ZrCoSn  and 
HfCoSn  have  a  stnictiire  different  from  ZrNiSn  and  HlNiSn  ones, 
they  have  ZrNiAl-type  stnicture  [10,11).  Compound  NbNiSn  in 
general  will  not  be  formed  [12].  The  difference  among  phase 
structures  ZrNiSn  and  ZrCoNi.  and  absence  of  NbNiSn-stannidc 
can't  be  explained  by  the  structure  fector  only. 

It  must  be  noticed,  that  compounds  of  MgAgAs-type.  containing 
metals  with  filled  d-stiblevel,  have  8  valent  s-  and  p-clcctrons  per 
each  of  formulae  units.  Compounds  of  transitive  metals  have 
analogic  electronic  concentration,  if  it  is  supposed,  that  elements 
of  3b  -  6b  stibgrotips  give  to  EC  its  valent  s-  and  d-clcctrons, 
while  metals  of  8b-subgroup,  because  of  filling  of  3d-band  by  the 
e.xpensc  of  valent  electrons  of  other  atoms,  decrease  EC  (Fe.  Co) 
or  haven't  influence  on  it  (Ni.  Pd.  Pt).  For  instance,  ZrNiSn  has 
EC  equal  8  electrons  per  formulae  tmit  (el/fn)  under  condition  of 
filling  3d-band  of  Nickel;  NbCoSn-  8  too.  if  Cobalt  3d-band  is 
filled.  In  compound  ZrCoSn  filling  of  Cobalts  3d-band  decreases 
EC  to  value  considerably  smaller  than  8  and  stnicture  of  MgAgAs 
type  become  unstable  (data  of  magnetic  susceptibility 
measurements  give  evidence  about  filling  of  3d  band  of  Ni  and 
Co),  moreover,  the  more  closely  packed  structure  ZrNiAl-type  is 
formed  ( it  is  a  superstnicture  to  FejP-type). 

The  breaking  of  EC  8  el/f.n  rule  for  compounds  MgAgAs-type 
may  be  compensated  by  filling  of  all  thctrahcdrical  vacancies  by 
means  of  insertion  of  smaller  size  atoms  with  formation  of 
MnCu2Al  type  structure.  Apparently,  the  absence  of  phases 
MgAgAs  type  with  3a-subgrotip  elements  and  transitive  metals 
4b-.‘5b  subgroups  (except  TiRliGa)  [6[  and  existence  of  large 
amount  of  Gaisler's  phases  Me’Mc"{ Al.Ga.ln}  may  be  explained 
by  such  considerations. 

3.  Properties  of  Me*lVIe"Sn  compounds. 

The  properties  of  Me'Me"Sn  stannidcs  (for  ones  from  Table  1)  is 
better  investigated  for  ZrNiSn,  TiNiSn.  and  HlNiSn.  The  thermal 
dependences  of  resistivity  (p)  and  differential  thcrmo-c.m.f  (a) 
were  measured  for  these  materials  (  Fig. 2  ).  The  p  and  a  values  of 
these  compounds  are  differ  from  p  and  a  of  metals  and 
intermetals  and  exceed  them  on  2-4  order.  Dependencies  of  p(T) 
have  an  abnormal  character  in  comparison  with  intcrmclallids  - 
the  resistivity  decreases  with  increasing  of  temperature.  The 
dependencies  of  p(T)  and  (x(T)  for  compounds  TiNiSn.  ZrNiSn 
and  HfNiSii  in  temperature  range  78-9t)t)  K  arc  showed  in  Fig. 2. 
Thermo-e.m.f  has  a  negative  value  and  growing  absolutely  w'ith 
temperature  increasing.  Maximum  values  arc  achieved  with 
~4.30K.  ~6t)t)K,  ~7IH)K  for  compounds  TiNiSn.  ZrNiSn  and 
HfNiSn  respectively.  In  high-temperature  range  the  p(T) 
dependence  for  stannides  TiNiSn.  ZrNiSn  and  HfNiSn  follows  to 
an  exponential  dependence  p=p^|exp(E^/kT)  with  an  activation 
energy'  E^~t).  1-0.2  eV.  In  low-temperature  region,  as  a  rule,  it  is 
impossible  to  determine  a  form  of  temperature  dependence  p(T) 
[13.14],  Btit  for  some  samples  of  ZrNiSn  in  low-tcmpcraturc 


region  (less  than  20K)  Mott's  law  p=P(,cxp(T,/T)'''*  is  fulfilled 


Fig  2,  Resistivity  p(T)  and  thcrmal-c.in.f  (x(T)  dependencies  for 
TiNiSn  (1),  ZrNiSn  (2)  and  HfNiSn  (3)  compounds. 

It  was  determined,  that  the  annealing  duration  have  cause 
influence  on  the  dependences  of  p(T)  and  a(T)  for  .ZrNiSn 
compound,  but  the  difference  in  dependences  p(T).  caused  by 
annealing,  for  these  alloys  almost  don't  observed  in  the 
temperature  region  ~2.3I)  K  or  higher. 

Monocrystals  of  compound  TiNiSn  were  obtained  by  us.  the  size 
of  crystals  was  nearly  2x2x4  nun.  Monoctyslals  have  a  high  value 
of  thcrmo-c.m.f  (  ~  -380  pV/K  with  the  temperature  equals 
290K.),  resistivity  at  29(IK  is  nearly  20()xU)'"  Q*m. 

The  results  of  calculations  of  thcrmo-c.m.f  with  using  of  simple 
parabolic  zone  model  for  phases  MeNiSn  (Mo  =  Ti,  Zr.  HO.  were 
quoted  in  [16].  As  calculations  showed,  experimental  data  for 
differential  thermo-e.m.f  in  temperature  range  ll)t)K<T<30()K 
are  well  described  under  effective  mass  vahie  m*  ~  (2-:-4)  iUq  and 
carrier  concentration  Ufj-IO^".  Aclivative  processes  at 
temperatures  higher  than  3()0K  have  control  thermoelectric 
properties  and  at  more  higher  temperatures  a  become  decreasing. 
Optical  properties  of  compounds  TiNiSn.  ZrNiSn  and  HfNiSn 
were  investigated  too  Results  of  optical  investigations  gives 
confirmation  for  existence  of  gap  in  the  density  of  states  in  the 
neighbourhood  of  Fermi  energy  and  about  extraordinarity  of 
kinetic  properties  of  Me'NiSn  compounds  among  internietallic 
materials  [14]. 

Specimens  of  ZrNiSn  have  enough  large  value  of  thermal 
conductivity  k,  which  equals  8.^10  W/ni-K  tinder  room 
temperature.  The  thermoelectric  figure  of  merit  Z  is  not  exceed 
value  of  t).5.10''’K‘'  in  the  temperature  range  91)1)4^1  IDDK, 
bcciiiisc  K  have  a  high  value.  Now  we  have  carry  otit 
investigations  for  influence  of  donor  doping  on  the  thermal 
conductivity  with  the  aim  to  decrease  it. 

'tVe  had  examine  a  solubility  of  Co  in  the  ZrNiSn  stannidc. 
Properties  of  monophase  alloys  were  investigated  Compound 
ZrNiy  ^jC0(,  55811  belongs  to  the  solid  solution  region,  but  alloy 
ZrNig  3()Co,)  7()Sn  already  is  tw'O-phase.  For  ZrNi|.^COj,Sn  alloys  it 
was  obsen'cd,  that  resistivity  p(T)  decreases  with  the  increasing  of 
x;  the  dependence  of  p  from  temperature  decreases  with  growing 
x.  The  sign  of  thcrmo-c.m  f  change  to  positive  (in  comparison 
with  a  of  ZrNiSn)  and  its  value  achieves  l4t)pV/K  under 
temperature  60tlK. 

On  the,  ground  of  compound  HfNiSn  have  been  synthesized  a 
substituted  solid  solutions  HfNij  ^Co^Sn  ]17].  The  temperature 
dependences  of  resistivity  and  differential  thermo-e.m.f  were 
measured  in  the  temperature  range  3()I).h131)OK  (Fig.3)  The  p(T) 
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dependence  have  a  form,  which  is  cliaraclerislic  for 
semiconduclors.  The  doping  of  compound  by  cobalt  leads  to  an 
abnipt  change  of  a  to  positive  values  (a  for  not  doped  ZrNiSn  is 
negative),  and  positive  values  of  a  are  keep  in  the  whole  region  of 
solid  solution  existence. 

In  the  article  [17.a|  branches  for  thermomodulc,  manufactured 
from  HfNiSn  (n)  and  HfNi,)  gCo,;  ^Sn.  have  been  proposed.  Figure 
of  merit  for  these  branches  equals  respectively  0.S7- Kf- K"' 
and  0.33-l()''^K''.  The  perspectivity  of  these  branches  for  long 
time  autonomous  operation  have  been  noticed 
We  have  e.xamined  an  clcctrophysical  properties  of  compounds 
TiRliSn,  ZrPdSn,  HfPdSn.  NbRhSn,  MnlrSn,  TilrSn,  TiPtSn, 
ZrPtSn.  HfPtSn  and  MnRhSn  in  the  temperature  range  78^40()K 
(Fig.4-7).  Most  of  the  investigated  compounds,  which  contain  a 
platinum-like  metals,  possess  an  anomaly  in  its  electrophysical 
properties.  The  highest  resistivity  is  characteristic  for  TiPlSn, 
ZrPdSn  and  HfPdSn.  With  the  increasing  of  temperature 
resistiv'ity  of  ZrPdSn  and  HtPdSn  is  decreasing,  for  TiPtSn  the 
ftinction  p(T)  have  a  wide  maximum.  The  thermo-e.m.f  all  of 
that  compounds  is  positive  and  have  a  high  value,  and  it  is  not 
characteristic  for  metallic  alloys.  Less  values  of  p  arc 
characteristic  for  staniiides  ZrPtSn  and  HfPtSn.  The  function  (x(T) 
is  almost  linear  in  the  low  T  region  and  it  is  characterized  by 
negative  curvature  in  the  high  T  region,  the  sign  of  ix  is  positive. 
Among  other  compounds,  which  have  a  stnicture  of  MgAgAs 
type,  stannides  NbRliSn.  MnIrSn  and  MnRhSn  have  a  likely 
metallic  properties,  two  of  the  rest  stannides  -  TiRhSn  and  TilrSn 
have  an  intermediate  values  of  p.  Thermo-e.m.f  of  TiRliSn  is 
negative. 


Fig  3.  p{T)-(a)  and  a(T)-(b)  dependencies  for  alloys  HfNiSn  -  (1). 
^"^^'0.95^^0.05^’^  ■  (2)’  ^"^^’o.9O^’’o.l0^”  ■ 
®^'o.S5^’’o.l5^'’  ■  ^"^'o.80^°0.20^”' 

'^®^'o.75^%25^'’  ■  HfNig  ggCOfl  4QSn  -  (7). 
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Fig  4.  (x(T)  and  p(T)  dependencies  for  compounds  TiRhSn  -  (1), 
TilrSn  -  (2).  TiPtSn  -  (3). 


Fig  3.  a(T)  and  p(T)  dependencies  for  compounds  ZrIrSn  -  (1). 
ZrPtSn  -  (2),  ZrPdSn  -  (3). 


Fig  6.  (x{T)  and  p(T)  dependencies  for  compounds  HflrSii  -  (1), 
HfPtSn  -  (2).  HfPdSn  -(.3). 
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Fig  7.a(T)  and  p(T)  dependencies  for  compounds  MnPtSn  -  (1). 
MnIrSn  -  (2),  NbRliSn  -  (3). 

The  received  data  show  that  stannides  of  4b-subgroiip  metals  with 
Pt  and  Pd  are  characterized  by  properties  similar  ones  of  MeNiSn- 
phases,  and  it  give  evidence  about  a  formation  of  dielectric  gap  in 
the  electron  energy  spectrum.  However, in  distinction  from 
compounds  Me’NiSn,  there  take  place  p-type  conductivity',  and 
observed  dependence  p(T),  apparently,  is  tied  with  peculiarities  of 
impurity  zone  stnicture  and  possible  electron  localization.  P-type 
conductivity  may  be  caused  by  formation  of  additional  vacancies 
l(Me’Pt[.jjSn),  which  arise  as  consequence  of  increasing  of 
atomic  radii  Pt  and  Pd  in  comparison  with  Ni. 

It  is  interesting,  that  compounds  UNiSn.  URliSb.  UPtSn,  ThNiSn, 
ThPtSn,  which  are  characterized  by  stnicture  type  MgAgAs  too, 
have  an  abnormally  high  resistivity  and  a  complicated 
temperature  dependence  of  p  [18].  First  three  of  them  are 
submitted  to  a  magnetic  ordering  in  low  temperature  region  The 
compounds  URliSb  (68()  l()'®f2-ni  under  .300K)  and  UPtSn  (360- 
10'®t2'm  under  300K)  have  the  highest  resistivity,  and  their 
temperature  dependences  p(T)  obeys  a  ma.ximum  value  near 
temperature  2()0K.  Under  high  temperature  the  dependence  p(T) 
is  nearly  exponential  with  activation  energy  0.12eV  for  UNiSn. 
0.44eV  for  URhSb  and  0.34eV  for  UPtSn.  In  the  article  [19]  the 
same  authors  in  addition  have  cite  properties  of  ThRJiSn,  HfRnSb, 
HfPtSn  and  TiPtSn.  First  two  ones  are  characterized  by  growing 
of  p  with  increasing  T  from  4,2K  to  300K  (26.4+30)- lO'^fJ  m  and 
(3,85+8.50)- lO’^fJm.  respectively).  For  TiPtSn  and  HfPtSn  p 
decreased  with  increasing  of  temperature  from  value  6300- lO'*^ 
O-m  to  5l00-10‘'^Q-m  for  TiPtSn  and  from  280-10'’^Q-m  to 
145-10-6D-mfor  HfPtSn. 

Authors  noted,  that  the  stnicture  (type  MgAgAs)  have  a  decisive 
role  in  forming  properties  of  such  phases,  but  interpretation  of 
properties  is  absent,  except  a  conclusion  about  presence  of  energy- 
gap  in  electron  energy  spectra  in  such  compounds. 

4.  Models  of  electron  stnicture  for  phases  Mc'Mc"Sn. 

Properties  of  investigated  phases  Me*Me*'Sn  indicate  to  a 
dielectrization  of  electron  energy  spectra  and  a  semiconducting 
character  most  of  such  compounds.  It  may  be  ensured  by 
simultaneous  action  of  two  factors  -  by  peculiarities  of  cry-stallic 
structure  MgAgAs-type  and  by  atomic  orbitals  stnicture  of  atoms, 
which  have  form  compounds. 


X-ray  spectra  parameters  j  and  Kp,  of  Nickel  lines  were 
investigated  for  compounds  TiNiSn,  ZrNiSn  and  HfNiSn.  It  was 
observed  a  considerable  low-energy  displacement  of  Nickel  Kp, 
line.  This  displacement  give  evidence  about  increasing  of  s- 
electron  density  in  the  radiating  atom  volume.  High  energy 
displacement  for  j  lines  of  Nickel  was  observed.  It  can  give 
evidence  about  slight  increasing  of  d-electron  density  in  the 
atomic  volume  of  Nickel.  Thus,  the  formation  of  Me’NiSn 
compounds  is  accompanied  by  transfer  of  electron  density  to 
Nickel's  atom  sphere.  Observed  shifts  were  too  large  and  can't  be 
explained  by  metallic  type  bond  only.  It  give  an  evidence  about 
presence  of  ionic  ty-pe  bond  in  Me'NiSn  compounds. 

In  the  crystal  lattice  Ni-atoms  form  thetraedric  environment  for 
atoms  of  Sn  and  Me',  and  atoms  of  Sn  and  Me'  may  form 
thetraedrical  hybridized  orbitals  sp^  and  sd^  accordingly,  like 
elements  of  IV  group  of  periodic  system.  These  orbitals  are 
oriented  to  Ni  atoms,  placed  in  the  center  of  a  cube,  which  is 
fortned  by  Sn  and  Me'  atoms.  In  the  process  of  chemical  bond 
formation  it  have  place  a  displacement  of  electron  density  centre 
to  Ni-atoms  positions  and  with  a  less  degree  -  to  Me'-atoms 
positions.  Thus,  atoms  of  Sn  possess  a  surplus  positive  electric 
charge.  Consequently,  in  compounds  Me'NiSti  exists  a  system  of 
ionic-covalent  bonds.  If  it  take  place  a  substitution  of  atoms  Ti,  Zr 
and  Hf  by  atoms  of  another  kind,  and  this  substitution  results  in 
variation  of  EC  from  value  equals  eight,  theii  the  breaking  of 
ionic-covalent  bonds  system  occurs  and  compound  acquire 
properties  of  metal.  From  this  point  of  view  properties  some  of 
compounds  Me'Me"Sn  can  be  e.xplained.  For  compounds  TiRliSn 
and  TilrSn  the  decreasing  of  EC  to  value  equals  7  occurs.  This 
leads  to  violation  of  ionic-covalent  bonds  system,  but,  as  it  may  be 
concluded  from  observed  values  p  and  a,  the  share  of  ionic- 
covalent  bonds  remains  significant.  For  MnlrSn  and  MnPtSn- 
stannides  the  excess  of  EC  (10  and  11  el/fu.  accordingly,  if  we 
suppose,  that  Mn  atom  possess  7  valent  electrons),  leads  to 
metallic  bond  formation  But  from  this  point  of  view  it  is  hardly 
understand  a  low  value  of  p  for  NbRhSn  and  NbCoSn.  which 
possess  a  metallic  properties.  The  filling  of  second  half  of 
stnicture  vacancies  by  Ni  atoms  leads  to  the  same  effect,  so  long 
as  Gaisler's  phases  MeNi2Sn  have  values  of  p  and  a  close  to  ones 
of  metals. 

Somewhat  different  scheme  for  valent  bonds  formation  in 
compounds  of  MgAgAs-type  was  proposed  in  the  [20-22],  It  is 
convenient  to  assume,  that  in  the  compound  TiNiSn  atomic 
valency  is  twice  less  than  a  coordination  number:  it  equals  4  for 
Ni  atom,  2  -  for  atms  of  Ti  and  Sn.  The  coordination  number, 
which  corresponds  to  crystal  lattice,  is  provided  with  a  bond 
delocalization  between  two  possible  positions.  It  is  assumed,  that 
in  the  TiNiSn  compound  atoms  of  Ni  form  hibridized  4s 
3d.j.^d,.-dj„  -bonds,  which  have  a  Tj-symmetry,  and  atoms  of  Ti 
and  Ni,  accordingly,  form  hibridized  bonds  4s  3dj..  and  5p^p. 
possessing  C2^-syminetry.  The  sum  of  valent  electrons  in  the 
compound  must  be  equal  to  18  (we  have  take  into  account  d- 
electrons  of  Ni).  The  main  destabilizing  factor  for  that  group  of 
compounds  is  a  deviation  of  valent  electrons  sum  from  value 
equals  18. 

Models  for  electron  energy  bands  structure  for  MeNiSn  phases 
have  been  proposed  in  [  16],  In  the  first  case  (Fig. 8a.).  valent  band 
have  been  fully  filled  by  electrons  and  its  energy  edge  arranges  by 
().2eV  below  from  mobility  edge  E^.  of  conductivity  band  (Eg=E^- 
Ey).  In  the  other  case  (  Fig.S.b  ),  the  valent  band  is  overlapping 
with  the  conduction  band  (Eg=E^|-Ey).  From  the  analysis  of 
experimental  data  authors  make  conclusion  about  most  probable 
electron  band  stnicture  for  stannides  MeNiSn.  From  their  point  of 
view,  it  is  structure  pictured  on  Fig.8.b. 


Fig  8.  Proposed  energy  band  stniclure  of  MeNiSn  conipoinids 
1161, 

Conclusion. 

Particularities  of  the  crystal  stnictihe  and  an  atom  electronic 
stmcture  leads  to  an  extraordinary  properties  of  stannides 
Me'Me"Sn,  which  have  MgAgAs  stmcture  type.  The  condition 
for  dielectric  gap  forming  are  fulfilled  when  an  electron 
concentration  have  a  distinct  value,  namely  8  el/fu.  If  it  take 
place  a  deviation  of  EC  from  its  value  equals  8.  or  in  the 
compound  Me'NiSn  all  tetrahedral  vacancies  are  have  been  filled, 
(that  is  MeNi2Sn-phases  are  have  been  formed),  than  a  system  of 
ionic-covalent  bonds  breaks  and  compound  acquire  metallic, 
properties.  These  peculiarities  allow  modification  of  compound 
properties  by  changing  dielectric  gap  width  by  means  of  atom 
substitution,  which  leads  to  increasing  or  decreasing  of  EC. 

The  Me'Me*’Sn  alloys  have  a  good  thermal  and  electric  properties 
and  are  stable  under  high  temperatures.  These  alloys  can  be  easily 
synthesized  and  are  a  perspective  high  and  medium-temperature 
thermoelectric  materials. 
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EFFECTIVE  MEIDIUM  ANALYSIS  AND  EQUI-Z-CONTOUR  MAP 
IN  POROSITY  CONTROLLED  SiC:B,C  SYSTEM 

Y.Okamoto,  T.Miyakawa,  J.Morimoto,  A.Aniga  and  S.Fujimoto 
Department  of  Materials  Science  and  Engineering,  National  Defense  Academy, 

Yokosuka,  Kanagawa  239,  Japan 

Experimental  data  on  thermoelectric  properties  of  pressure  sintered  SiC:B^C:PSS  system  are 
fitted  to  approximate  expressions  in  cubic  mosaic  model.  Using  parameters  found  in  this  fitting 
equi-Z-maps  are  constructed  to  predict  prospective  region  of  B^C  and  PSS  concentrations  for  the 
improved  Z.  The  effects  of  pores  on  a  and  k  tends  to  cancel  in  the  expression  for  Z. 
Temperature  dependence  of  Z  is  discussed. 


1.  Introduction 

Recent  development  in  the  effective  medium  theory 
[1,2]  has  reached  a  stage  to  give  bounds  on  the  expected 
parameter  values  of  a  composite.  "Exact"  theories  are 
given  even  for  multi-field  cases,  and  bounds  for  the 
thermoelectric  figure  of  merit  Z  are  also  discussed  [3,4]. 
Results  of  model  calculations  are  used  to  analyze  the 
properties  of  sedimentary  rocks  [5].  On  the  other  hand, 
no  serious  efforts  seem  to  have  been  reported  to  apply 
this  kind  of  analysis  in  the  area  of  materials  design. 

In  this  paper  we  report  on  the  preliminary  application 
of  a  simpler  version  of  the  effective  medium  theory  i.e. 
the  mosaic  model  [6]  and  the  layered  shell  model  [7]  to 
study  the  effect  of  pores  on  Z,  and  extrapolate 
temperature  dependent  thermoelectric  parameters  of 
sintered  SiC:B^C:PSS  (polysilastyren)  system  [8]. 
Equi-Z-  contour  maps  [9]  are  constructed  on  the  plane  of 
B^C,  PSS  concentrations  to  show  prospective  region  of 
these  concentrations. 

2.  Model  and  Expressions  for  the  Effective 
Parameters 

In  our  simplified  model  the  system  is  supposed  to  be  a 
composite  in  which  cubic  (crystalline)  grains  1  are 
embedded  in  a  background  substance  2  forming 
boundary  layers  between  crystallites.  Pores  are  assumed 
to  be  formed  either  in  the  effective  medium  consisting  of 
material  1  and  2  or  in  the  boundary  layers.  Figure  1.  a) 
and  b)  show  schematically  these  models.  In  Fig. 2,  we 
show  the  layered  shell  model  in  which  the  central  sphere 
1  represents  the  pore  while  the  shell  2  is  the  effective 
medium  consisting  of  material  1  and  2  above. 

2.1.  Effect  of  Porosity  on  the  Thermoelectric 
Parameters 

When  the  enhancement  of  cross  sectional  area  beyond 
the  pores  of  both  electric  and  thermal  flow  is  neglected 
the  effect  of  pores  can  be  replaced  by  the  decrease  in  the 
effective  cross  section  of  flow.  Under  the  same 
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Fig.l.  Cubic  mosaic  model  for  SiC:n4C:PSS 
system,  a)  pores  of  edge  in  an  effective  medium 
b)  pores  of  e(%e  L,  in  boundary  layers.  Shaefcd 
cubes  represent  grains. 


Fig.2.  Spherical  shell  model  for  a  medium  2  with  a 
spherical  pore  1  of  radius  ri  with  L,=0.  L  and  Lj  ‘''t® 
transport  coefficient  matrix  of  effective  and  shell 
medium. 

approximation  Seebeck  coefficient  a  will  suffer  no 
change  by  the  presence  of  pores.  Thus  both  electrical 
and  thermal  conductivities  a  and  k  will  be  reduced  by  a 
factor  where  <()  is  the  porosity  defined  as  the 
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volume  ratio  AVA^^  with  AV,  and  denoting  the 
volumes  of  pores  and  the  original  material,  respectively. 

If  the  thermal  conduction  of  gases  in  the  pores  is  taken 
into  account  k  will  increase  slightly  above  the  value 
predicted  by  the  factor 

In  the  layered  shell  model  one  can  show  that  although 
<j) -dependence  changes  to  (l-(())/(l-t-(t)/2),  this  factor  is 
common  to  both  a  and  k.  Thus  even  if  the  enhancement 
of  effective  (|)  by  the  ratio  of  total  to  boundary  layer 
volume  is  taken  into  account  the  effect  of  pores  on  a  and 
K  almost  cancel  in  the  expression  for  the  figure  of  merit 
Z-aa^/K. 

2.2.  Expressions  for  the  Effective  Transport 
Coefficients 

Using  the  notation  for  the  ratio  of  the  thickness 
of  the  boundary  layer  to  the  edge  of  the  cube, 
u=ai/o2,v=K/K2,  and  w=  a/a^  for  ratios  of  grain  to 
boundary  parameters  the  effective  parameters  o  ,  k  and 
can  be  expressed  in  the  following  form  [6] ; 

a/Oj  =  [u(1-)-z)+z(24-z)(1-i-uz)]/[u(1+z)\1+uz)] 

=  f[u,  z]  (2.1) 

xAi=  f[v,  z]  (2.2) 

a/a  1=  [wu +z(2+z)+ vz(u +z(2+z))]/ 

[w(l-l-vz)(u+z(2+z))]=  g  fz,  u,  V,  w]  (2.3) 

These  expressions  give  forms  consistent  with  the 
(j) -dependence  of  the  last  subsection  in  the  limit  a,--»0,  Kj 
0,  aj->  0.  f[u,z]  is  a  monotonously  decreasing 
function  of  z  with  f[l,z]=l  and  changes  by  a  factor  of 
two  or  so  over  the  range  u=l~10  for  a  reasonably  small 
value  of  z.  g  [z,  u,  v,  1]-1  and  g  is  also  a 
monotonously  decreasing  function  of  w.  It  increases 
with  increase  in  u  or  v  but  stays  between  1  and  1/2  for 
l^u,  V  <:10.  Thus  the  measured  values  of  effective 
parameters  are  determined  in  a  first  approximation  by 
those  of  grains  if  z  is  small  and  are  rather  insensitive  to 
the  characteristics  of  boundaries. 

This  situation  allows  us  to  first  estimate  thermoelectric 
parameters  of  grains  and  then  infer  characteristics  of  the 
boundaries. 

2.3.  Models  for  the  Porosity  Controlled 
SiCtB^CtPSS  System 

2.3.1.  Model  of  Figure  l.a) 

In  this  model  pores  (open  squares)  are  embedded  in 
the  effective  medium  consisting  of  grains  1  (shaded 
squares)  and  boundary  medium  2.  The  final  form  for 


the  effective  parameters  Op  and  as  functions  of 
temperature  t  and  of  concentrations  x  and  y  of  B^C  and 
PSS,  respectively,  are; 

Of[x,  y,  t]=a,  [x,  y,  t]  [l-(t)^%)l 

Kf[x,  y,  t]=  [x,  y,  t]  [l-<l)'^%)+v'(!)’Ay)] 

af[x,  y,  t]^  [x,  y,  t]  (2.4) 

with  v'=  kAc  1  being  the  thermal  conductivity  of 
gases  in  the  pore. 

Here,o^,  K^,  and  are  defined  in  (2.1)  to  (2.3)  through 
functions  f  and  g  which  depend  on  x,  y  and  t  through 
arguments  u,  v,  and  w  defined  by; 

u  =  Oj  [x,  tJ/oj  [y,  t]  =  u/s,  [x,  t]/fs2  [y,  t] 

V  =  K;  [x,  tJ/Kj  [y,  t]  =  fx,  tl/fkj  [y,  t] 

w  =  a,  [x,  tj/Oj  fy,  t]  =  w/z,  [x,  t]/fz^  fy,  t]  (2.5) 

The  thermoelectric  figure  of  merit  Z^,  can  be  expressed 
relative  to  =aja,A,.  Z,  is  the  figure  of  merit  of  an 
imaginary  "  crystal"  which  has  the  same  thermoelectric 
parameters  as  our  "crystalline"  grains.  If  we  exclude  the 
physically  unrealistic  case  of  boundary  layers  having  the 
superior  characteristics  compared  to  grains  i.e.  uw7v<l, 
wc  will  be  looking  after  the  region  of  x  and  y  which 
gives  Zf  closest  to  Z^. 

Z/Zj  =  q[y,  v']G[z,  u,  v,  w,  t] 

q[y,  v-]=[i-AA)]/[iA“(y)+v'(t)Ay)] 

G[z,  u,  v,  w,  t]  =  f[u,  z]g^[z,  u,  V,  w]/f[v,  z]  (2.6) 

As  q[y,  vj  is  very  close  to  unity,  Z/Zj  is  determined 
by  the  function  G. 

2.3.2.  Model  of  Figure  l.b) 

In  this  model  pores  (open  squares)  arc  assumed  to 
localize  exclusively  in  the  boundary  layer.  The  final 
effective  parameters  Op  and  a,  are  formally  equal  to 
o^,  and  in  equations  (2.1)  to  (2.3)  with  arguments 
u"  and  v"  now  being  functions  of  the  effective  porosity 
(J)^  through  their  dependence  on  [y,  t]  and  [y,  t]; 

u--  u/  [1-4)  A(y)] 
v"=  v/[i-4)A(y)+v'4)''^] 

K=<f>(i+zA[(i+A-i]  (2.7) 


In  this  model  the  effect  of  pores  appear  only  through 


parameters  u  and  v  .  As  the  value  ot  may  differ 
from  Vji  the  complete  cancellation  of  pore  effect  will  not 
be  expected  in  Z^.  This  is  due  to  the  situation  that 
although  both  O2  and  are  affected  by  the  same  factor 
due  to  the  porosity,  they  may  have  different  effect  on  the 
final  effective  parameters  because  of  the  different  ratio  of 
grain  parameters  Oj  and  Kj  to  Oj  and  k^-  Though  the 
effective  porosity  (|)^  is  enhanced  by  a  factor  [l-(l+z)‘^]'‘ 
its  effect  is  reduced  by  the  weak  dependence  of  f[u",  z]'  s 
on  u". 

2.4,  Fitting  to  Experimental  Temperature  and 
Concentration  Dependencies  of  Parameters 

We  have  assumed  the  following  functional  forms  to 
simulate  the  temperature  and  concentration  dependencies 
of  measured  effective  conductivity  and  Sccbeck 
coefficient;  [x.0,t],  lXj,y,t],  |x.0,t],  [Xi,y,t], 

a,  [x.0,t],  and  a,  [x,,y,t] 

fSj  [x,  t]  =  l+aj‘'X«exp[-6/t] 

fs^  [y,  t]  =  l+a2«yexp[-e/t] 

a=10=,  0^=3000  K,  a=10^  6=0^ 

fki  [x,  t]  =  h[x,  dj  [1+b, 0(0/0^] 

h[x,  d]=[l+d«(l-xf]/(l+d) 

t]  =  h[y,  dJ  [l+b/CdyO^] 

b  =2,  b,=l,  d  =100,  d^^=50,  0,=5OOK,  0,=4OOK 

fz,  [x,  t]  =  l+c,<>ln[fs^  (x,  t)] 

fzjy,  t]  =  l+c^^lnifSjCy,  t)] 

c,  =1,  c^=l  (2.8) 

One  also  find  from  y-dependence  of  relative  density  d/d^; 
(j)(y)=s«y  s=0.617 

3.  Equi-Z-Contour  Map 

With  parameters  in  the  expressions  (2.8)  for  the  x,  t 
and  y,  t  dependence  of  the  grain  and  boundary  layer 
thermoelectric  parameters  determined  to  simulate 
experimental  data,  the  only  parameters  left  at  our 
disposals  are  the  ratios;  z  of  grain  size  to  boundary  layer 
thickness,  of  grain  to  boundary  ratio  in  conductivity, 
Vj  ratio  in  thermal  conductivity,  and  Wg  that  in  Sccbeck 
coefficients.  When  we  rather  arbitrarily  set  these  values 
as  z=0.1,  Ug  =5,  Vg=4,  and  w„=5  wc  can  construct 
3D-Zf-surface  on  the  x-y  plane  at  various  temperatures. 

Figure  3.  a~c  show  such  3D-piots  at  t=300,  600  and 
900  K.  Zj  normalized  to  a.a.VK,  increases  monotonously 


0.1 

Fig.3.  3D  Z[-map  on  x-y  plane,  a)  T=300  K. 
b)  T=600  K.  c)  T=900  K.  Uo=5,  Vo=4  and  Wo=5. 


as  a  function  of  y  but  show  a  slight  tendency  to  saturate 
because  of  q[y,  v']  factor  (we  assume  v'=0.1).  The 
increase  in  Z^  as  a  function  of  y  becomes  more 
pronounced  at  a  smaller  values  of  x.  At  higher 
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temperatures  Z^.  exhibits  a  weak  maximum  at  a  small 
value  of  X.  Tlris  suggests  that  there  is  a  rather  narrow 
region  of  B^C  concentration  x  where  ain  assume  an 
optimum  value. 

Figure  4. a  and  b  show  a  similar  3D-plot  and 
equi-Z-contour  map  for  z=0.1,  Ug=10,  Vg=4,  and  Wjj=5. 
One  can  also  see  that  although  numerical  details  may 
differ,  the  overall  behavior  of  Z^-x-y  3D-plots  m  model  2 
is  qualitatively  the  same. 

4.  Discussion 

We  have  implicitly  assumed  that  possible  effects  of 
processing  e.g.  pressure  and  temperature  schedule  and 
resultant  changes  in  microstructure  of  the  composite  may 
be  represented  through  the  values  of  parameters  z,  u,  v, 
and  w.  As  the  functions  f  and  g  depend  rather  weakly 
on  these  parameters  o^,  and  reflects,  in  the  first 
approximation,  characteristics  of  grains.  Properties  of 
boundary  layers  manifest  themselves  through  parameters 
u,  V,  and  w. 

We  have  shown  that  although  pores  arc  expected  to 
have  strong  effect  on  a  and  tc  separately,  their  effect  on  Z 
will  be  rather  weak  if  not  completely  cancel  each  other. 

Determination  of  parameters  values  in  the  model  is  a 
difficult  task.  In  the  case  of  pressure-sintered  Bi^Te^ 
system  one  could  take,  advantage  of  the  anisotropy. 
Thus  the  use  of  correlation  between  thermoelectric 
characteristics  and  orientation  factor,  as  well  as  the 
microscopic  observation  of  grain  sizes  helped  us  to 
identify  the  possible  values  of  parameters  [9].  On  the 
contrary,  thermoelectric  properties  of  our  present  system 
depend  on  so  many  model  parameters.  So  we  adopted  a 
simple  minded  approach  in  which  parameters  of  grains 
are  determined  mainly  by  B^C  concentration  x  while 
those  of  boundary  layers  are  determined  by  PSS 
concentration  y,  and  estimated  model  parameters  to 
reproduce  both  the  temperature  and  concentration 
dependence  of  thermoelectric  coefficients. 

Of  course  such  simulations  are  based  on  the 
extrapolation  of  measured  parameters  and  one  must  be 
aireful  not  to  place  too  much  weight  on  it.  Thus  we 
have  limited  our  region  of  extrapolation  to  a  lower  values 
of  X  because  one  may  expect  possible  structural  changes 
at  higher  B^C  concentrations.  Also  we  have  to  note  not 
to  include  the  unrealistic  region  of  parameters  which 
imply  that  thermoelectric  properties  of  boundaries  are 
superior  to  those  of  grains. 

The  results  of  our  simulations  show  that  in  spite  of  the 
simplicity  of  the  model  one  can  recognize  a  prospective 
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Fig,5.  Figure  of  nicrii  Zi(x,t)  of  "crystallites''. 
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region  of  x  and  y  values  v/hcre  we  may  expect  an 
improvement  in  the  value  of  Z/Zj.  Moreover,  the  overall 
behavior  of  such  3D-plots  or  equi-Z-contours  seems  to 
be  rather  insensitive  to  the  fine  details  of  the  model. 
This  result  is  a  reflection  of  the  experimental  fact  that 
both  X  and  y  increases  a  and  a  but  decreases  k  combined 
with  the  basic  assumption  of  the  model  that  x  and  y 
separately  governs  the  grain  and  boundary 
characteristics.  Increase  in  x  increases  u  and  w  but 
decreases  v,  while  increase  in  y  have  the  opposite 
tendency.  Because  both  f  and  g  are  monotonously 
decreasing  functions  of  its  arguments  increase  in  y 
increases  while  increase  in  x  decreases  the  value  of  Z^ 

So  to  make  Z/Zj  as  close  to  unity  one  h;is  to  choose  a 
small  values  of  x  consistent  with  the  condition  not  to 
make  uw^  <  v.  But  one  has  also  to  note  that  Zj.  of  an 
imaginary  "crystal"  increase  with  increase  in  both  x  and 
temperature  as  showni  in  Fig. 5.  Taking  into  account  of 
saturation  of  Z.  with  x,  one  will  finally  fmd  region  of  x 
for  an  optimum  Z^.  Thus  one  may  expect  such 


simulations  to  give  a  reasonable  clue  in  the  design  of 
composites. 
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ABSTRACT  Thermoelectric  properties  of  j9-FeSi2are 
improved  by  SiH4  or  O2  rf-plasma  processing  of  FeSi2  grains 
before  sintering.  The  plasma  processing  modifies  the 
microstructure  of  ceramics  especially  at  grain  boundaries. 
Electron  spin  resonance  studies  have  shown  that  the  improved 
thermoelectric  properties  are  associated  with  the  annihilation  of 
defects  associated  with  Fe3+  ions  at  intergrain  regions.  The 
results  suggest  that  controlling  grain  boundary  defects  is 
effective  for  improving  the  electrical  conductivity  of 
ilicrmoelcctric  ceramics. 


INTRODUCTION 

Electrical  properties  of  ceramic  materials  are  often 
influenced  by  the  presence  of  point  defects  or  localized 
electronic  levels  at  grain  boundaries.  Such  defects  or  localized 
levels  are  easily  introduced  in  ceramics  in  the  course  of  sample 
preparation.  Therefore  suitable  microstructure  modification, 
especially  at  grain  boundary,  may  improve  the  thermoelectric 
properties  of  ceramic  materials.  In  fact,  several  papers  have 
shown  the  improvement  of  thermoelectric  properties  by 
inicrostrucmre  modification  [1-4]. 

This  study  was  undertalcen  to  investigate  the  role  of  grain 
boundary  defects  on  the  electric  properties  of  ]3-FeSi2  ceramics. 
Iron  disilicide  exhibits  relatively  low  figure-of-merit,  but  this 
material  is  still  attractive  for  wide  applications  because  of  its 
low  cost.  In  the  present  investigation,  we  used  three  types  of  /?- 
FeSi2  ceramics:  One  was  prepared  by  the  ordinary  procedure  of 
cold  pressing  and  subsequent  sintering  and  annealing,  and  the 
other  two  were  processed  in  rf-plasma  of  silane  or  oxygen 
before  sintering.  In  this  paper,  we  confine  ourselves  to  the  role 
of  point  defects  on  the  improved  electrical  conductivity  in 
plasma-processed  ^FeSi2. 


EXPERIMENTAL 

The  ]3-FeSi2  samples  used  in  this  work  were  prepared  by 
the  procedures  shown  in  Fig.  1.  Detailed  conditions  in  the 


sample  preparation  was  described  in  the  previous  articles  [14]. 

The  crystal  structure  of  the  samples  were  examined  by  x-ray 
diffraction  (XRD)  before  measuring  the  thermoelectric 
properties.  The  electrical  conductivity  of  the  samples  was 
measured  by  the  four-point  probe  method  at  290  -  800  K,  and 
the  Seebeck  was  obtained  from  the  thermoelectric  e.m.f 
acquired  while  applying  a  temperature  difference  of  about  5  K 
to  the  both  ends  of  a  rectangular  prism  of  ceramic  chips.  The 
point  defects  in  the  samples  were  detected  with  an  X-band 
electron  spin  resonance  (ESR)  spectrometer  (JEOL,  FE-IX). 
The  ESR  spectrum  was  taken  at  77  K  to  prevent  the 
microwave  loss  due  to  conduction  electrons  and/or  holes. 
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Fig.  1.  Sample  preparation  procedure. 


RESULTS 

(A)  Thermoelectric  properties 

XRD  measurements  indicated  that  all  samples  prepared  are 
j3-FeSi2,  and  no  other  phases,  such  as  iron  monosilicide  and 
silicon  phases,  were  detected.  All  samples  obtained  are  p-type. 
As  reported  previously  [1,3],  plasma  processing  of  FeSi2 
grains  prior  to  sintering  increases  the  electrical  conductivity 
and  Seebeck,  as  shown  in  Figs.  2  and  3. 
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intensity.  It  should  be  noted  that  SiH4-plasma  processing 
more  strongly  decreases  the  multiplet  signal  than  02-plasma 
processing. 

The  multiplet  signal  was  already  ascribed  to  a  closed  pair  of 
a  high  spin  Fe3+  ion  (5  =  5/2)  and  an  unidentified  S  =  1/2 
center  [2,3].  Because  plasma-processing  only  modifies  the 
surface  of  a-FeSi2  fine  particles,  it  is  reasonably  considered 
that  the  center  responsible  for  the  multiplet  signal  exists  at  the 
intergrain  region  of  [3-FeSi2  ceramics.  This  consideration  is 
consistent  with  the  fact  that  the  multiplet  signal  intensity 
becomes  weak  in  the  ceramics  sintered  using  larger  FeSi2 
grains.  In  GeH4 -plasma-processed  FeSi2  [4],  which  shows 
larger  electrical  conductivity  than  no  processed  one,  no 
appreciable  multiplet  signal  was  detected. 

These  results  indicate  that  the  grain  surface  modification  by 
plasma-processing  before  sintering  decreases  the  density  of 
Fe3+  ion-associated  defects  at  grain  boundaries  in  sintered  ji- 
FeSi2  ceramics. 


Fig.  2.  Electrical  conductivities  of  /3-FeSi2  samples. 
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Fig.  3.  The  Secbeck  coefficients  of  P-feSij  samples. 

Upon  processing  in  SiH4  or  O2  plasma,  the  electrical 
conductivity  increases  at  temperatures  below  350  K.  It  should 
be  noted  that  the  conductivity  increases  more  remarkably  by 
SiH4-piasma  processing  than  O2 -plasma-processing. 

Despite  the  indicative  change  in  electrical  conductivity, 
plasma  processing  causes  no  significant  change  in  the  Seebeck 
coefficient,  as  shown  in  Fig.  3. 
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Fig.  4.  ESR  spectra  of  /5-FeSi2  samples. 


(B)  ESR  analysis 

Figure  4  shows  the  ESR  spectra  of  ^-FeSi2  ceramic 
samples  of  no  plasma  processing,  SiH  4-plasma  processing  and 
02-plasma  processing.  The  spectrum  of  no  processed  sample 
(see  trace  A)  consists  of  a  multiplet  signal  [2]  and  several 
singlet  signals  around  330  mT.  The  most  remarkable  change 
by  plasma-processing  is  the  decrease  of  the  multiplet  signal 


DISCUSSION 

In  a  previous  paper  [3],  we  have  proposed  that  the  increase 
of  electrical  conductivity  by  SiH4-plasma  processing  is  caused 
by  the  annihilation  of  the  multiplet  centers  at  grain 
boundaries.  The  present  study  using  different  processing  gases 
has  shown  a  clear  correlation  between  the  conducdvity  increase 
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and  muliiplet  signal  intensity  decrease. 

In  Fig.  5  are  shown  the  band  schemes  for  explaining  the 
conductivity  increase  by  grain  boundary  modification  due  to 
plasma  processing.  In  ordinary  ^FeSi2  ceramics,  there  would 
be  intergrain  defects  associated  with  Fe3+  ions  as  described  in 
the  previous  section.  Such  defects  probably  form  deep  levels, 
and  give  rise  to  a  potential  barrier  at  grain  boundaries  (see  Fig. 
5a).  Plasma  processing  results  in  the  decrease  of  the  intergrain 
defects,  which  was  confirmed  by  ESR,  therefore  lowers  the 
barrier  height  (see  Fig.  5b).  Thus,  the  increase  of  conductivity 
by  plasma  processing  may  be  associated  with  the  increase  of 
carrier  mobility  caused  by  the  barrier  height  reduction.  In  fact, 
we  observed  increased  mobility  in  GeHa-plasma-treated  j3- 
FeSi2  [4].  So  the  model  described  above  reasonably  explains 
the  increased  conductivity. 

(a)  Untreated 

FeSi2  grain  FeSi2  grain 

Conduction  band 


oooooo  oooooo 


(b)  Plasma-treated 

FeSi2  grain  FeSi2  grain 


Fig.  5.  Band  schemes  of  unprocessed  and  plasma-processed 
/3-FeSi2  ceramics  (replotted  from  ref.  [3]). 

Our  remaining  question  is  how  the  deep  levels  or  Fe^- 
associated  defects  are  annihilated  by  plasma  processing.  The 
formation  of  Fe3  + -associated  defects  in  untreated  FeSi2 
probably  needs  a  selective  oxidation  of  iron  at  grain 
boundaries.  Such  oxidation  might  take  place  if  silicon  is 
deficient  and  if  there  are  reactive  oxygen  at  grain  boundaries. 
The  native  oxide  on  the  FeSi2  grain  surface  may  be  a  good 
source  of  the  reactive  oxygen. 

It  is  well  known  that  plasma  processing  modifies  the 
surface  structure  of  the  micrograins.  In  the  case  of  SiHa- 
plasma-processing,  a  thin  silicon  layer  is  formed  by  the 
deposition  of  amorphous-silicon  on  the  grain  surface.  The 
excess  Silicon  in  the  layer  may  be  mobile  to  react  with  iron, 
and  may  suppress  the  formation  of  Fe  3+ -associated  intergrain 
defects  by  preventing  the  oxidation  of  iron.  Thus  the 
amorphous-silicon  layer  may  glue  the  grains  forming  a  good 
electrical  contact.  In  the  case  of  GeH4 -plasma  processing,  the 


story  would  be  same  as  the  case  of  SiH  4-plasma  processing, 
because  GeHa-plasma  processing  also  forms  a  thin  amorphous- 
Ge  layer  on  the  grain  surface. 

On  the  other  hand,  02-plasma  processing  forms  neither 
silicon  nor  germanium  layers  on  the  grain  surface,  but  only 
disorders  the  FeSi2  crystalline  lattice.  Such  disordered  lattice 
was  recognized  by  transmission  electron  microscope 
measurements.  By  the  bombardment  of  energetic  ions,  the 
native  oxide  layer  may  be  also  removed.  In  the  case  of  02- 
plasma-processed  FeSi2,  such  disordered  lattice  may  be  rather 
important  for  suppressing  the  formation  of  Fe3+ -associated 
intergrain  defects,  although  detailed  mechanism  on  the 
suppression  of  Fe3+ -associated  intergrain  defects  has  not  been 
understood  well. 

It  is  of  special  interest  to  note  that  the  grain  boundary 
modification  is  effective  for  improving  the  electrical 
conductivity  in  other  thermoelectric  ceramics.  Kishimoto  et  al. 
[5]  have  observed  a  preferential  increase  in  electrical 
conductivity  of  plasma-processed  SiGe  ceramics,  in  which  they 
found  the  increase  in  the  Hall  mobility.  Thus,  plasma 
processing  seems  to  fade  out  unidentified  electronic  levels  at 
grain  boundaries  of  SiGe  ceramics. 

CONCLUSION 

The  electron  spin  resonance  study  of  iron  disilicide  ceramics 
has  revealed  that  the  annihilation  of  intergrain  defects  is 
important  for  improving  the  thermoelectric  properties, 
especially  for  electrical  conductivity  increase,  of  plasma- 
processed  j3-FeSi2  ceramics.  The  increase  of  electrical 
conductivity  by  plasma  processing  is  reasonably  explained  in 
terms  of  the  potential  barrier  decrease  caused  by  the 
annihilation  of  intergrain  defects. 

The  obtained  results  suggest  that  controlling  grain  boundary 
defects  is  effective  for  improving  the  electrical  conductivity  of 
not  only  ^-FeSi2  ceramics  but  also  other  thermoelectric 
materials  such  as  SiGe  alloys. 
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THERMOELECTRIC  MATERIALS  WITH  THE  SKUTTERUDITE  STRUCTURE:  NEW  RESULTS 

Jean-Pierre  Fleurial,  Tliieny  Caillat  and  Alex  Borshchevsky 

Jet  Propulsion  Laboratory/Califomia  Institute  of  Technology 
4800,  Oak  Grove  Drive,  MS  277-212,  Pasadena,  CA  91109, USA 

Skutterudite  semiconductors  possess  attractive  transport  properties  and  have  a  good  potential  for 
achieving  high  ZT  values.  A  large  number  of  isostructural  compounds,  solid  solutions  and  related 
phases  are  investigated.  These  skutterudite  compositions  offer  many  possibilities  for  substantially 
reducing  the  lattice  thermal  conductivity  and  for  optimizing  the  electrical  properties  to  a  specific 
temperature  range  of  thermoelectric  applications.  An  overview  of  recent  results  is  provided  and 
current  approaches  to  experimentally  achieving  high  ZT  in  skutterudite  materials  are  discussed. 


Introduction 

A  systematic  search  for  new  thermoelectric  materials  was  started 
at  JPL  several  years  ago.  A  family  of  compounds  with  the 
skutterudite  crystal  structure  was  identified  as  a  good  candidate 
for  high  performance  conversion  efficiency  [1].  In  skutterudites, 
the  bonding  is  predominantly  covalent  [2],  wliich  accounts  for 
the  high  carrier  mobilities  experimentally  obtained  on  several 
compounds  such  as  C0AS3  [3],  CoSbj  [4,  5],  IrSbs  [6],  RhSbs 
[5,7],  RhAsj  [3]  and  RhPj  [8].  Also,  the  relatively  large  unit  cell 
indicates  that  a  low  lattice  thennal  conductivity  might  be 
achieved.  The  skutterudite  structure,  illustrated  in  Figure  1,  was 
originally  attributed  to  a  mineral  from  Skutterud  (Norway)  with 
a  general  formula  (Fe,  Co,  Ni)  Asa  [9]. 


#  ICoJriiJrl  9  IPAs.Sb  1 

Figure  1:  The  skutterudite  unit  cell  of  formula  TPna  (T  = 
transition  metal,  Pn  =  pnicogen). 

The  unit  cell  of  the  skutterudite  contains  square  radicals  [As^] 
This  anion  located  in  the  center  of  the  smaller  cube  is 
surrounded  by  8  Co^*  cations.  The  unit  cell  was  found  to  consist 
of  8  smaller  cubes  (octants)  described  above  but  two  of  them  do 
not  have  the  anions  [AS4]  in  the  center.  This  is  necessary  to 
keep  the  ratio  Co^^:  [AS4]  =  4:3.  Thus,  a  typical  coordination 


structure  results  with  Co8[As4]6  =2Co4[As4]3  composition  and  32 
atoms  per  cell  with  8  ABj  groups. 

For  the  state  of  the  art  thermoelectric  materials  such  as  PbTe  and 
Bi2Te3  alloys,  the  number  of  isostructiual  compounds  is  limited 
and  the  possibilities  to  optimize  their  properties  for  maximum 
performance  in  different  temperature  ranges  of  operation  are 
also  very  limited.  This  is  not  the  case  for  skutterudites  which 
show  a  variety  of  decomposition  temperatures,  band  gaps  and 
compositions  which  offers  the  possibility  to  optinrize 
composition  and  doping  level  for  a  specific  temperature  range. 
Skutterudite  compounds,  solid  solutions  and  related  phases  are 
briefly  reviewed  in  the  following  sections. 

Existence  and  composition  of  skutterudites 

Binary  compounds.  Binary  skutterudite  compounds  are  formed 
with  all  nine  possible  combinations  of  the  elements  Co,  Rli,  Ir 
witli  P,  As,  Sb.  hi  this  structure  each  metal  atom  has  six  bonds  to 
a  pnicogen  and  each  of  three  pnicogens  has  two  bonds  to  another 
pnicogen.  Thus,  each  bond  has  two  electrons  wliich  is  consistent 
with  the  fact  that  tliey  are  diamagnetic  semiconductors  [lOj. 


Table  1.  Lattice  parameter  a,  decomposition  temperature  T,„, 
band  gap  Eg,  Hall  mobility  pu  and  tliennal  conductivity  X  of 
binary  skutterudite  compounds 


Compound 

a  (A) 

T„.  ("C) 

E„  (eV) 

reference 

C0P3 

7.7073 

>1000 

0.43* 

11 

C0AS3 

960 

imggiii 

3 

CoSbs 

850 

5 

RhPj 

7.9951 

>1200 

- 

8 

RJ1AS3 

IQQQI 

>1000 

3 

RhSbj 

0.80* 

5 

IrPj 

8.0151 

>1200 

- 

11 

IrASs 

8.4673 

>1200 

- 

12 

IrSba 

9.2533 

1141* 

1.18* 

6 

NiPj 

7.819 

>850 

metallic 

13 

PdP3 

7.705 

>650 

metallic 

13 

*  JPL  findings 


Known  values  for  tlie  lattice  parameter,  peritectic 
decomposition  temperature  and  band  gap  of  these  nine  binary 
compounds  are  reported  m  Table  1.  Decomposition 
temperatures  for  C0P3,  RhPj,  RhAss,  IrPs  and  IrAs3  are  only 
lower  limit  estimates.  Wc  have  calculated  the  band  gap  values  of 
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IrSb3,  RhSb3,  CoSb3,  RhAss,  C0AS3,  and  C0P3  from  high 
temperature  Hall  effect  measurements.  The  p-type  RhAs3 
sample  was  still  not  fully  mtrinsic  at  the  highest  temperature  of 
measurement,  thus  the  value  of  0.85  should  only  be  considered  a 
lower  limit.  Less  heavily  doped  samples  must  be  obtained  to 
accurately  determine  tlie  band  gap  of  RhAss.  The  value 
obtained  for  C0P3  is  only  preliminary  because  the  sample  used 
for  measurement  contained  C0P2  inclusions.  The  only  other 
binary  skutterudites  known  are  NiP,  and  PdPs  which  have  one 
more  electron  valence  per  fo.nnula  unit  and  consequently  show 
metallic  conduction  [13].  For  the  arsenides  and  antimonides,  the 
band  gap  increases  in  sequence  from  the  Co-  to  the  Ir-based 
compounds  as  well  as  from  the  antimonides  to  the  arsenides. 

Ternary  compositions.  Skutterudite  related  phases  can  be 
formed  by  substitution  by  neighboring  atoms  for  the  anion  or  the 
cation  in  binary  skutterudite  compounds,  the  condition  being 
that  the  valence-electron  count  remains  constant.  This  is  similar 
to  the  diamond-like  family  of  semiconductors.  The  substitution 
can  occur  on  the  anion  site  (CoAsj  CoGei.5Se,.s)  or  on  the 
cation  site  (CoSbs  Feo.5Nio,5Sb3).  Structurally  related 
skuttenidite  phases  can  also  be  formed  by  partial  substitution  of 
the  cation  and  the  anion  (RhSb3  RuSb2Te). 


Table  2:  Skutterudite  related  phases 


Compound 

a  (A) 

T„(“C) 

E8(eV) 

Reference 

CoGci  5S1 5 

8.017 

1000 

- 

[14] 

CoGC]  sSe,  5* 

8.299 

800 

- 

[14] 

CoSn,  sTei.s* 

- 

- 

- 

RhGe, ,581,5 

8.2746 

>800 

- 

[15] 

IrGe,  5S1 5 

8.297 

>800 

- 

[15] 

ItGc]  ^Scj  5^ 

8.5591 

>800 

- 

[15] 

IrSni  ,581,5 

8.7059 

>800 

- 

[15] 

IrSn],5Tei,5+ 

- 

- 

- 

Feo.5Nio,5Sb3* 

9.0904 

729  * 

-0.16* 

[16] 

9.2060* 

- 

- 

F*^0,5Pto.5Sb3’*‘ 

9.1950* 

- 

9.1780* 

- 

Rno,5Pdo  5Sb3* 

9.2960* 

647  * 

-0.60* 

[17] 

K.Uo.sPto,5Sfa3* 

- 

- 

■ 

Feo,sNio,5As3 

8.256 

- 

- 

[18] 

FeSbjSe* 

- 

- 

- 

FeSb2Te* 

9.112* 

556* 

-0.27* 

RuSb2Se* 

9.257* 

- 

- 

RuSbjTe* 

9.268* 

810* 

1,20* 

PtSni  2Sb|,8 

9.390 

- 

- 

[19] 

*  JPL  findings 


Nine  ternary  skutterudite  related  phases  have  been  reported  m 
literature  [14-19].  Based  on  X-ray  diffraction  analyses,  eleven 
new  compositions  were  discovered  at  JPL.  A  number  of 
isostructural  quaternary  and  more  complex  compositions  have 
also  been  identified.  Values  for  the  lattice  parameter  a, 
decomposition  temperature  T^,  and  band  gap  Eg  are  reported  in 
Table  2. 


Solid  solutions.  The  only  solid  solutions  between  binary 
skutterudite  compounds  reported  in  the  literature  show  that  C0P3 
and  C0AS3  form  a  complete  range  of  solid  solutions  which  obey 
the  Vegard's  rule  and  that  the  system  CoAs3.xSbx  has  a 
miscibility  gap  in  the  region  of  x  =  0.4  to  2.8  [20].  Work  at  JPL 
on  CoSb3-IrSb3  compositions  also  demonstrated  that  a  partial 
range  of  solid  solutions  exists  in  this  system  [21].  Our  more 
recent  experimental  results,  summarized  in  Table  3,  have  shown 
that  there  is  an  extensive  number  of  skutterudite  compounds  and 
related  phases  form  solid  solutions,  at  least  in  some  limited 
range  of  composition. 


Table  3.  Existence  of  skutterudite  solid  solutions 


Solid 

Solutions 

Partial  Range  of 
Compositions 

Full  Range  of 
Compositions 

C0P3 

C0AS3* 

C0AS3 

CoSbs* ,  IrAs3 

CoSbj 

C0AS3* ,  lrSb3 , 

Feo,5Nio,5Sb3 ,  FeSb2Te 

RhSbj 

IrSbj 

IrAs3 

C0AS3 ,  IrSbj 

IrSbj 

CoSb3 ,  IrAs3 

RhSbj, 

RuSbjTe 

Feo,5Nio.5Sb3 

CoSbs,  IrSb3,  Ruo,5Pdo,5Sb3 

RUo  5Pdo,5Sb3 

^Uo5Pdo.5Sb3 

CoSb3 ,  IrSb3 

F60.5bIio.ssb3 

FeSbjTe 

CoSbs ,  RuSb2Te 

RuSb2Te 

FeSbjTe 

IrSbj 

*literature  results 


Filled  skutterudites.  A  large  number  of  tliese  materials  have 
already  been  synthesized  (see  for  example  [22-25]).  The 
composition  of  tliese  types  of  compoimds  can  be  represented  by 
the  fonnula  LnT^Pnjj  (Ln  =  rare  earth,  Th;  T  =  Fe,  Ru,  Os;  Pn  = 
P,  As,  Sb).  In  these  compounds,  the  empty  octants  of  tire 
skutterudite  structure  (  see  Figure  1)  which  are  formed  in  tlie 
TPn3  (~T4Pni2)  framework  are  filled  with  a  rare  earth  element. 
Because  the  T^Puij  groups  using  Fe,  Ru  or  Os  are  electron- 
deficient  relative  (by  4  e')  to  the  skutterudite  electronic  structure 
(using  Co,  Rh  or  Ir),  the  introduction  of  the  rare  earth  atom 
compensates  this  deficiency  by  adding  free  electrons.  However, 
the  number  of  valence  electrons  given  up  by  the  rare  earth  atoms 
is  generally  insufficient:  for  example.  La  has  a  3-i-  oxidation 
state,  Ce  can  be  3+  or  4+.  This  means  that  most  of  these 
compounds  behave  as  metals,  or  very  heavily  doped  p-type 
semi-metals.  However,  it  has  been  shown  that  some  of  them 
such  as  UFe4P|2  and  CeF^Pjj  are  semiconductors  [22].  Tire 
addition  of  a  new  ion(s)  in  the  voids  could  be  an  efficient 
phonon  scattering  center  and  could  result  in  substantially  lower 
lattice  thermal  conductivity  values.  The  properties  of  sueh 
skutterudite  compounds  remain  to  be  fully  characterized 

Thermoelectric  properties  of  skutterudites 

Skutterudite  compounds  have  exceptionally  high  hole  mobilities, 
substantially  higher  than  state-of-the-art  semiconductors  for  a 
given  carrier  concentration.  We  have  measured  a  Hall  mobility 
value  close  to  8000  cm^.'V's"'  on  a  p-type  RhSb3  single  crysti 
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with  a  Hall  carrier  concentration  of  about  3.5xl0‘^  cm'^.  This  is 
the  highest  p-type  mobility  ever  measured  at  this  doping  level. 
All  p-type  skutterudites  (binary  and  ternary  compounds) 
investigated  so  far  have  liigh  hole  mobilities  w'hich  make  them 
very  promising  materials  for  tliermoelectric  applications. 


Terrperature  ( 1^ 

Fig.  2:  Electrical  resistivity  as  a  function  of  temperature  for 
several  n-type  and  p-type  skutterudite  eompounds. 


Terrperature  (K) 

Fig.  3:  Seebeck  coefficient  as  a  function  of  temperature  for 
several  n-lype  and  p-type  skutterudite  compounds. 


N-ty^ie  samples  have  been  obtained  for  CoSbj  and  IrSbs  by 
doping  with  elements  such  as  Ni,  Pd,  Pt  and  Te  [26,  27].  Tlic 
Hall  mobility  of  n-type  samples  was  found  to  be  much  lower 
than  for  p-type  materials,  resulting  in  higher  electrical  resistivity 
values.  However,  the  large  electron  effective  mass  translated 
into  high  Seebeck  coefficient,  up  to  600  pV.K’'  for  n-type 
samples  compared  to  only  up  to  200  hV.K  '  for  p-type  samples. 
As  a  consequence,  optimum  doping  levels  for  n-type  binary 


compomids  are  rouglily  one  order  of  magnitude  higher  than  for 
p-type  skutterudites. 

The  experimental  temperature  variations  of  tlie  electrical 
resistivity  and  the  Seebeck  coefficient  of  some  binary 
skutterudites  are  shown  in  Figures  2  and  3,  respectively. 
Minority  carrier  concentration  effects  (high  mobility  holes)  are 
responsible  for  the  change  in  Seebeck  coefficient  from  positive 
to  negative  at  high  temperatures  for  n-type  CoSb3  and  IrSbj 
samples  (Figure  3).  Because  of  a  smaller  band  gap,  tliis 
compensation  occurs  at  lower  temperatures  m  CoSbs.  The 
contribution  from  the  minority  carriers  is  much  more  limited  in 
n-type  CoSb3-based  compositions  prepared  witli  liigh  doping 
levels.  This  results  in  the  Seebeck  coefficient  remaining  n-type 
throughout  the  whole  temperature  range  and  a  strong  decrease  in 
the  electrical  resistivity. 

Almost  no  information  about  tlie  thermal  and  electrical 
properties  of  ternary  skutterudite  related  phases  is  available  in 
the  literature.  Some  results  obtained  at  JPL  on  four  lemaiy 
phases,  FeSb2Te,  RuSbiTc,  Feo.sNio.sSbj  and  Ruo.sPdo.sSbj  arc 
reported  in  Figures  2  and  3.  Fco.sNio  jSb,  :md  FeSbjTe  arc  two 
ternary  phases  derived  from  CoSbs,  mid  tlie  calculated  band  gap 
values,  0.16  mid  0.27  eV  respectively,  me  much  smaller  than  tlie 
0.63  eV  value  for  CoSb3.  Similar  results  are  obtained  for 
Ruo.5Pdfl  5Sb3  (0.6  eV),  which  is  derived  from  RhSbs  (0.8  cV). 
Tlie  lower  band  gap  values  are  consistent  with  the  lower 
decomposition  temperatures.  This  is  not  tlie  case  of  RuSb^Te 
however,  which  has  a  band  gap  of  1.20  eV. 

The  electrical  properties  of  the  ternary  skutterudites  also  vaiy 
substantially  from  die  results  obtained  on  the  binary  compomids. 
It  ranges  from  very  heavily  doped  (Ruo.sPdo.sSbj)  to  more  lightly 
doped  (RuSb2Te),  and  from  e.xlrinsic  p-type  behavior  (FeSb2Te) 
to  mixed  conduction  n-type  behavior  (Fco.5Nio.5Sb3).  These 
findings  indicate  that  significant  changes  hi  band  structure  and 
dopmg  behavior  were  brought  by  climiges  in  tlie  atomic  and 
electronic  structure.  In  particular,  fluctuations  hi  die  valence  of 
die  transition  metal  atoms  could  be  imposed  by  the  need  to 
conserve  die  skutterudite  crystal  structure.  Understmiding  mid 
controlling  these  changes  is  a  key  step  in  designing  a 
skutterudite  composition  with  superior  thermoelectric  properties. 

Tliermal  conductivity 

The  diermal  conductivity  of  p-type  CoSbo,  RliSbo  and  IrSbj 
smnplcs  was  measured  from  10  to  800K  [4,  26-27].  The  results 
plotted  in  Figiue  4  are  compmed  to  typical  values  obtained  for 
state  of  the  art  diermoelechic  alloys.  Room  tempcratiue  values 
of  diese  duec  compounds  rmige  from  110  to  130  mW.cnr'.K"^ 
depending  on  the  carrier  concentradon  level.  These  values  arc 
quite  reasonable  considering  die  relatively  high  decomposition 
temperature  and  bandgap  of  skutterudites  (sec  Table  1). 
Additional  measurements  conducted  on  p-type  C0AS3  and  RliAsj 
[3]  indicated  that  the  room  temperature  diermal  conductivity 
values  increase  slighdy  from  midmonides  to  arsenides,  mid  also 
from  Co-based  compounds  to  Ir-b;ised  compomids.  The 
Wicdcmaim-Franz  law  can  be  used  to  calculate  the  lattice 
thermal  conduedvity  of  p-type  CoSbj,  RliSbj  and  IrSb,  samples 
For  a  carrier  concentradon  of  a  lxl0‘®  cm'^,  calculadons  show 
that  about  90%  of  the  total  thcnnal  conduedvity  is  due  to  die 
latdce  contribudon.  Though  we  have  not  yet  measmed  heavily 
doped  n-type  samples,  the  thermal  conduedvity  of  binary 
skutterudites  appears  to  be  too  high  to  result  in  high  ZT  values. 
Experimental  and  dieoredcal  results  on  p-type  IrSbj  showed  diat 
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a  mavimuni  ZT  value  of  0.4  can  be  obtained  at  900K  [28], 
Reductions  in  the  lattice  thermal  conductivity  must  be  obtained 
to  achieve  values  comparable  to  diose  of  state  of  the  art 
Oiermoelectric  materials  (10-40  mW.cm  ’K''). 

Solid  solutions  possess  a  much  lower  lattice  lliermai 
conductivity  due  to  atomic  mass  and  volume  fluctuations. 
However,  a  higher  phonon  scattering  rate  always  has  some 
negative  impact  on  the  cairicr  mobility,  but  because  tlie  drop  m 
thermal  conductivity  is  usually  larger  titan  tlie  degradation  of  tlic 
electrical  properties,  ZT  values  are  overall  substantially 
improved.  This  process  has  been  used  for  all  tlie  state  of  tlie  art 
thermoelectric  materials,  and  is  of  interest  for  skutterudite 
compounds.  Thermal  conductivity  measurements  of  several 
CoSbj-lrSba  alloyed  samples  showed  diat  Uie  tliennal 
conductivity  dropped  to  about  30-35  mW.cm'^.K'^  at  room 
temperature,  a  value  3  to  4  times  smaller  than  for  tlie  individual 
compounds  [21].  These  results  are  also  reported  in  Figure  4. 


tenperature]!^ 

Fig.  4:  Thermal  conductivity  as  a  function  of  temperature  for 
several  n-tjpe  and  p-type  skutterudite  compounds,  solid 
solutions  and  related  phases. 

As  well  as  for  solid  solutions,  the  lattice  thermal  conductivity  of 
ternary  skutterudite  phases  was  expected  to  be  lower  tlian  for 
binary  compomids.  Our  first  results  on  six  such  ternary  phases 
(five  of  tliem  arc  new  compositions)  coiifirmcd  tliese 
predictions,  JPL  experimental  data  on  four  ternary  phases, 
FeSb.Te,  RuSbjTe,  Feo.5Nio.5Sb3  and  Ruo.5Pdo.5Sb3  arc  plotted  m 
Figure  4.  Tire  thermal  conductivity  is  greatly  reduced  in  these 
materials,  with  room  temperature  values  ranging  from  7  to  30 
mW.cm''K  ‘.  The  low  tliennal  conductivity  values  of  tliese 
compounds,  while  very  encouraging,  are  nevertheless  a  bit 
surprising  considering  that  the  atomic  mass  and  volume 
differences  introduced  by  the  substituting  anion/cation  are  fairly 
small.  This  indicates  that  additional  mechanisms  must  be 
involved  such  as  electron  exchange  scattering  of  phonons  [29]. 
Of  particular  interest  is  tlie  glassy  behavior  of  Ruo.5Pdo.5Sb3 
where  the  tliennal  conductivity  decreases  with  decreasing 
temperatures.  At  room  temperature,  the  tliennal  conductivity 
value  is  7  mW.cm'^.K'^,  about  15  times  lower  tlian  for  RliSbj 


(or  IrSbj).  This  is  also  lower  than  the  values  obtained  for  the 
state  of  the  art  diermoelectric  materials.  The  lattice  contribution 
was  estimated  at  2. 5-3.0  mW.cm'^.K"!  ,  which  is  an  e.xtremely 
low  value.  However,  this  unoptimized  material  is  still  too 
heavily  doped  and  die  carrier  concentration  must  be  reduced  to 
acliievc  larger  Seebeck  coefficient  values. 

Moreover,  die  possibility  of  forming  solid  solutions  between 
diese  ternary  compounds  and  the  high  mobility  binary 
compounds  (as  described  in  Table  3)  offers  an  excellent 
opportunity  of  finding  a  vciy  low  thermal  conductivity  material 
widi  good  electrical  properties.  These  results  demonstrate  die 
great  potential  of  skutteiuditcs  for  high  ZT  values  as  very  high 
mobilities,  large  Seebeck  coefficients  and  very  low  lattice 
dicmial  conductivides  can  be  obtained  widi  materials  of  the 
same  crystal  structure. 

Conclusion 

A  new  family  of  promising  thermoelectric  materials  with  the 
skutterudite  crystal  structure  has  been  presented.  A  number  of 
binary  compounds,  solid  solutions  and  ternary  related  phases 
have  been  briefly  reviewed.  Initial  results  obtained  on  some  of 
their  representadves  demonstrated  die  great  potential  of 
skudeniditcs  for  high  ZT  values.  Both  p-type  and  n-type 
materials  appear  promising,  thougli  in  a  different  nmge  of  carrier 
concentrations,  If  die  good  electrical  properdes  of  the  binary 
skutterudite  compounds  can  be  somewhat  preserved,  diere  are 
several  approaches  for  large  reduedons  in  dierniid  conductivity 
diat  could  lead  to  ZT  values  substantially  larger  diiui  1 . 
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ABSTRACT 

Polycrystalline  samples  of  Ir^LaGe3Sbg  and 
Ir^NdGegSbg  have  been  made  by  hot  isostatic  pressing  of 
powders.  The  lattice  thermal  conductivity  of  these  filled 
skutterudites  is  markedly  smaller  than  that  of  IrSbj  and 
thus  this  filling  shows  promise  as  a  method  for 
improving  the  thermoelectric  properties  of  these 
materials.  We  present  the  lattice  thermal  conductivity, 
K  ,  of  these  filled  skutterudties  from  300K  to  lOK.  It  is 
observed  that  the  decrease  in'  is  greater  in  the  Nd- 
filled  sample  than  in  the  La-filled  sample.  The  smaller 
atoms  "rattle”  more  readily  in  the  voids  of  the  structure 
and  therefore  interact  with  a  larger  spectrum  of  phonons. 
Electrical  resistivity,  Seebeck  coefficient,  and  carrier 
mobility  are  also  presented. 

INTRODUCTION 

The  semiconducting  compound  iridium 
triantimonide,  IrSbj,  is  one  of  a  number  of  compounds 
with  the  skutterudite  or  CoAsj  structure[l,2,3,4,5,6]. 
Compounds  of  this  kind  have  shown  good  potential  for 
thermoelectric  applications[l,7].  Lowering  the  thermal 
conductivity  of  these  skutterudite  materials,  however,  is 
a  key  goal  in  increasing  the  figure  of  merit[8].  Different 
approaches  have  been  attempted  toward  this  end[9,10]. 
In  the  present  study  we  have  undertaken  the  task  of 
reducing  the  thermal  conductivity  of  IrSbg  by  employing 
a  totally  new  and  unique  approach  from  that  of  previous 
studies,  see  Slack  and  Tsoukala[l]. 

The  binary  skutterudites  have  the  cubic  Im3  (  T^  ) 
structure  and  are  of  the  form  ABj  where  A  represents  a 
metal  atom  and  B  represents  a  pnicogen  atom.  There 
are  eight  formula  units  in  the  cubic  unit  cell.  In 
addition  there  are  two  voids  per  unit  cell  in  the 
structure.  Skutterudites  form  covalent  structures  with 
low  coordination  numbers  for  the  constituent  atoms  and 
so  can  incorporate  atoms  in  the  voids.  We  have 
calculated  the  void  radii  of  the  nine  binary 
semiconducting  skutterudite[l,4,ll,12]  compounds  from 
x-ray  crystallographic  data[2,3,4,ll,12].  The  radius, 
r(B),  of  the  B  atom  is  taken  to  be  one  half  of  the 
average  B  —  B  separation.  The  void  radius  is  taken  as 
the  distance,  d,  from  the  center  of  the  void  to  any  one  of 
the  twelve  surrounding  B  atoms  minus  r(B): 


r(void)  =  d  —  r(B).  (1) 

These  are  listed  in  Table  1. 

Table  1.  Lattice  parameters[l,4,ll,12],  ag,  and  void 
radii,  r,  in  A,  of  the  nine  normal  semiconducting 
skutterudites. 


C0P3 

CoASg 

CoSbg 

ao=7.7073 

aQ=8.205 

aQ=9.0385 

r=1.763 

r=1.825 

r=1.892 

RhP3 

RhAsg 

RhSbg 

ao=7.9951 

aQ=8.4507 

a|3=9.2322 

r=1.909 

r=:1.934 

r=1.2024 

IrP3 

IrAsg 

IrSbj 

ag  =  8.0151 

ao=8.4673 

30=9.2503 

r==1.906 

r=1.931 

r=2.040 

As  seen  from  the  table^  the  void  radii  range  from 
1.763  A  in  C0P3  to  2.040  A  in  IrSbj.  In  the  present 
study  we  have  succeded  in  putting  rare  earth  ions  into 
the  voids  of  IrSbg,  chosen  because  it  has  the  largest  size 
voids  as  well  as  having  good  thermoelectric  properties,  in 
an  attempt  to  study  their  effect  on  the  lattice  thermal 
conductivity,  k^.  The  reduction  of  of  a  crystalline 
compound  by  introducing  "guest”  atoms,  or  molecules, 
into  ’’openings”  in  the  crystal  strucutre  has  been  studied 
in  clatherate  hydrates[13]  and  channel 
compounds[13,14,15,16].  Due  to  the  weak  bonding  of 
the  guest  atom  or  molecule  within  the  host  lattice  in 
these  studies,  these  guests  are  able  to  ’’rattle”  in  their 
’’cages”  and  thereby  interact  with  low  frequency 
phonons.  The  guest  atoms  or  molecules  interact  with  a 
larger  spectrum  of  phonons  than  they  would  if  mass 
fluctuation  scattering  alone  were  present,  thereby  having 
a  larger  influence  on 

SAMPLE  PREPARATION 

Single  phase  polycrystalline  samples  of  Ir4LaGe3Sbg 
and  Ir,jNdGe3Sbg  were  similarly  prepared  as  follows. 
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First  the  lanthanum  (La)  or  neodymium  (Nd)  rare  earth 
(RE,  99.99%  pure),  in  lump  form,  was  reacted  with 
Germanium  (Ge,  99.9999%  pure)  powder,  in  the 
stoichiometric  ratio  1:3  at  960°C  for  4  days,  in  order  to 
obtain  an  intimate  mixture  of  the  RE  with  Ge 
(REGe2  +  Ge).  All  RE  elements  and  RE  compounds 
were  handled  in  an  argon  atomsphere  since  high  purity 
RE  elements  are  very  reactive  in  air.  The  resulting 
mixture  was  ground  to  fine  powder  with  a  boron  carbide 
(B,,C)  mortar  and  pestle.  It  was  then  mixed  and  reacted 
with  the  proper  stoichiometric  amounts  of  iridium  (Ir, 
99.99%  pure)  and  antimony  (Sb,  99.9999%  pure) 
powders  at  960°C  for  2  days.  In  both  cases  the  powder 
was  held  in  a  chemically  vapor  deposited  2.67-cm- 
diameter,  6.5-cm-tall  pyrolytic  boron  nitride  (BN) 
crucible  which  itself  was  sealed  inside  an  evacuated, 
fused  quartz  ampule.  This  ampule  was  heated  in  an 
external  atmosphere  of  flowing  argon  in  order  to  prevent 
the  inward  diffusion  of  air  and  water  vapor  during  the 
run.  The  product  was  removed  from  the  ampule,  ground 
in  the  B^C  mortar  and  pestle,  reloaded  into  a  BN 
crucible,  and  re-reacted  for  another  2  days  at  960°C  as 
described  above.  After  removal,  the  resulting  powders 
were  cold  pressed  into  cylindrical  pellets  and  then  sealed 
inside  of  an  evacuated  pyrex  ampule.  This  ampule  was 
then  placed  in  a  hot  isostatic  press  where  the  pellets  were 
consolidated  at  925°C  for  2  hours  at  29,500  Ib/in^  of 
argon  pressure.  The  Ge  randomly  substitutes  for  Sb  in 
the  structure  and  is  used  for  charge  compenstation  of  the 
RE.  The  three  Ge  atoms  act  as  ’’acceptors”  for  the  three 
"donated”  electrons  from  each  RE  atom.  The  resulting 
polycrystalline  La  and  Nd-filled  skutterudite  samples 
were  82%  and  72%  of  theoretical  density,  respectively. 
The  density  measurements  were  performed  by  weighing  a 
precisely  cut  cube  of  each  material.  The  density 
measurements  were  verified  using  an  Olympus  System 
Microscope  model  BHT,  with  camera,  interfaced  to  a 
Macintosh  computer.  Images  of  polished  surfaces  of  the 
samples  were  digitized  and  the  porosity  was  calculated 
automatically.  In  addition,  images  of  the  Ir^jNdGejSbg 
sample  etched  with  aqua  regia  were  also  used  to  measure 
the  average  grain  size[17].  The  average  grain  size  of  this 
sample  was  measured  to  be  7  /im.  An  82%  dense  IrSbg 
polycrystalline  sample  was  also  prepared  in  order  to 
experimentally  compare  it  to  the  filled  skutterudite 
samples. 

Metallographic  and  electron-beam  microprobe 
(JOEL  733  superprobe)  examination  of  the  polished 
surface  of  each  sample  verified  the  stoichiometry  of  the 
samples.  The  annealed  samples  were  ground  and 
analysed  by  x-ray  diffractometry  using  Cu  Kq  radiation 
with  a  powdered  silicon  (Standard  Reference  Material 
640b)  internal  standard.  Both  a  graphite- 
monochrpmatized  Philips  model  5520  diffractometer 
with  a  scintillation  detector  and  a  Scintag  XDS  2000 
diffractometer  which  utilizes  a  solid  state  detector  were 
used.  The  results  from  these  meeisurements  showed  that 
the  samples  were  single  phase.  The  intensity  of  the  x- 
ray  reflections  were  compared  with  intensities  calculated 
for  different  concentrations  of  RE  in  the  voids  using 


POWD7  software[18].  The  calculated  powder  pattern 
intensities  verified  that  the  RE  occupy  the  voids  in  the 
structure  at  the  100%  filling  level,  in  agreement  with  the 
microprobe  results. 

EXPERIMENTAL  RESULTS 

We  have  measured  the  cubic  x-ray  lattice 
parameter  at  room-temperature  of  powdered 
Ir.jLaGejSbg  and  Ir^jNdGcgSbg  using  the  silicon  internal 
standard.  '^he  results  are  9.104  ±0.001  A  and 
9.112  ±  0.002  A,  respectivly.  These  results  show  lattice 
parameters  that  aje  smaller  than  for  IrSbg, 
=  9.2503  ±  0.0003  A[l].  A  lattice  parameter  mod^l 
calculation  for  "unfjlled”  Ir^GegSbg^ gives  3,^  =  9.0021  A 
^sing  t(Sb)=1.452  A,  r(Ir)=1.161  A,  and  r(Ge)=1.2249 
A.  The  Ir  and  Sb  radii  where  calculated  from  the 
Sb  -  Sb  and  Ir  —  Sb  bonds  in  IrSbg  as  described  above 
and  the  Ge  radius  is  from  the  elemental  Ge  crystal 
structure[19].  The  reduction  in  the  lattice  parameter  of 
these  RE-filled  skutterudites  compared  to  IrSbg  is 
therefore  presumably  due  to  the  smaller  Ge  atom 
introduced  into  the  structure.  The  RE  elements  in  the 
voids  expand  the  lattice  compared  to  the  zero  filling 
lattice  parameter. 

Figure  1.  Lattice  thermal  conductivity,  rCg,  vs. 
temperature  for  the  La  and  Nd-filled  as  well  as  the 
"unfilled”  skutterudite  samples.  The  calculated 
minimum  thermal  conductivity[20],  for  IrSbg  is 

also  included  in  the  Figure.  In  addition,  a  plot  of 
calculated  for  grain-boundary  scattering  for  7-^m  grains 
is  indicated  by  an  arrow. 
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Figure  1  shows  k  as  a  function  of  temperature  for 
the  La  and  Nd-filled  skutterudite  samples  as  well  as  for 
the  "unfilled”  skutterudite  sample.  Thermal  transport 
measurmeiits  were  carried  out  by  the  two  thermocouple, 
steady  state  heat-flow  technique  which  has  been 
described  in  detail  elsewhere[21,22].  Samples  were  cut 
with  a  high  speed  diamond  saw  in  the  shape  of 
parallelepipeds  with  the  heat  flow  measured  along  the 
longest  axis.  Since  the  skutterudite  structure  is  cubic,  k 
is  essentially  isotropic.  Due  to  the  low  thermal 
conductivity,  k,  of  these  samples,  the  radiation  loss, 
measured  to  be  1.2  mW/K  at  room,  temperature,  was 
corrected  for.  We  estimate  the  absolute  error  below 
200  K  to  be  5%,  which  arises  primarily  from  the  error  in 
measuring  the  geometric  factor  of  these  samples.  From 
the  measured  value  of  the  electrical  resistivity  and  the 
Wiedmann-Franz  law,  we  have  estimated  and  subtracted 
the  electronic  contribution  to  K  in  the  figure.  A  detailed 
analysis  of  the  resistivity  of  these  samples  as  a  function 
of  temperature  is  presented  in  reference  23.  We  have 
assumed  the  Wiedmann-Franz-Lorenz  coefficient  to  be 
2.44X10'®  V^/deg^,  a  value  experimentally  verified  for 
doped  Si-Ge  mixed  crystals  at  low  teniperatures[24].  In 
addition,  was  corrected  for  porosity[25,26]. 


Table  2.  Measured  Parameters:  p—  resistivity 
(milliohm-cm);  n=hole(-l-)  or  electron(  — )  concentration 
(cm"®);  p=mobility(cm®/V-sec);  S=Absolute  Seebeck 
coefficient  (/iV/K);Temp=temperature  (K). 

**  —  Magnetic  effects  due  to  Nd®'*' 


Sample 

Temp 

P 

n 

P 

S 

IrSbg 

300 

0.468 

-1-1.2X10*® 

1149 

4-77 

77 

0.318 

— 

— 

4-34 

Ir^LaGegSbg 

300 

0.927 

4-8.8X10“ 

7.64 

4-6.4 

77 

0.637 

-2.0X10®® 

.047 

-3.7 

Ir^jNdGegSbg 

300 

1.49 

4-0.89 

77 

1.10 

-7.9 

Room  and  liquid-nitrogen  temperature  electrical 
resistivity,  Seebeck  coefficient,  carrier  concentration,  and 
mobility  measurements  are  summarized  in  Table  2.  The 
electrical  resistivity,  carrier  concentration,  and  mobility 
data  were  measured  on  flat,  square  pieces  of  material 
using  the  van  der  Pauw  technique.  Care  was  taken  to 
insure  that  no  heating  of  the  samples  occured  during  the 
course  of  a  measurement.  These  data  are  in  good 
agreement  with  data  taken  at  the  U.  S.  Naval  Research 
Laboratory [23].  From  Table  2  it  is  clear  that  the 
thermoelectric  properties  of  these  ’’filled”  skutterudites 
were  not  optimized.  Further  work  on  charge 
compensation  for  the  donated  electrons  by  the  RE  ions  is 
currently  underway. 


DISCUSSION 


The  mass  fluctuation  scattering  of  phonons  in 
Ifq  jRIiq  gSbg  mixed  crystals  has  been  studied  by  Slack 
and  Tsoukala[l]  from  720  K  to  300  K.  At  300  K  the 
mixed  crystal  had  a  56%  of  that  of  IrSbg.  The  La 
and  Nd-filled  samples  have  a  9.4%  and  6.5%, 
respectively,  of  that  of  IrSbj.  The  Ge  substitution  for  Sb 
in  IrSbj  can  be  estimated  to  produce  a  relatively  small 
decrease  in  Kg.  If  it  behaves  similarly  to  the  rhodium, 
Rh,  substitution  for  Ir,  i.e.  only  mass  fluctuation 
scattering  is  produced,  we  calculate  Kg  at  300  K  to  be 
58%  of  that  of  pure  IrSb3[27,28,29].  An  additional 
strain  field  correction [30]  due  to  the  difference  in  the  Ge 
and  Sb  radii  gives  an  estimated  Kg  at  300  K  to  be  30% 
of  that  of  pure  IrSbj.  Low  values  for  Kg  have  also  been 
reported  for  CeFe,jSbj2i  also  a  filled-skutterudite,  in 
which  no  substitution  on  the  Sb  site  occurs[31].  Thus 
the  Ge  is  not  the  main  cause  of  the  reduced  Kg  in  the 
RE-filled  samples.  In  order  to  verify  that  the  low  Kg  of 
the  Nd-filled  skutterudite  sample  is  not  due  to  grain¬ 
boundary  scattering,  we  have  calculated  Kg  for  a  sample 
with  7  pm  grains.  This  plot  is  indicated  by  an  arrow  in 
Figure  1.  It  is  evident  that  the  cause  for  the  low  Kg  is 
the  RE  ions,  not  grain  boundary  scattering. 

From  Figure  1  we  see  there  is  more  than  an  order- 
of-magiiitude  decrease  in  k  over  the  temperature  range 
of  interest  for  the  RE-filled  skutterudite  samples  as 
compared  to  that  for  IrSb,.  The  Nd®"*"  ion,  which  is 
more  massive  than  the  La®"*"  ion,  has  a  smaller  radius 
than  La®'*'.  This  is  knov/n  as  lanthanide  contraction. 
The  off-center  positions  of  the  RE  ions  in  the  voids  of 
yie  skutterujlite  structure  have  been  estimated  to  be  0.32 
A  and  0.43  A,  respectively,  for  La®”^  and  Nd®"*”.  The  RE 
radii  in  LaSb[19]  and  NdSb[19]  have  been  used  in  this 
estimate.  The  Nd®'*'  ions  are  therefore  more  free  to 
rattle  inside  the  voids  of  the  skutterudite  structure,  and 
are  thereby  able  to  interact  with  lower  frequency 
phonons  than  in  the  case  of  the  La®'*'  ions.  The  result  is 
a  larger  decrease  in  Kg.  This  (guest  atom)  —  (phonon) 
coupling  is  an  effective  phonon  scattering  mechanism, 
and  one  that  shows  promise  for  improved  thermoelectric 
materials  based  on  the  skutterudite  structure.  In 
addition,  the  low-lying  4/  electronic  energy  levels  in  the 
Nd®-*-  ion  also  produce  phonon  scattering,  further 
reducing  Kg.  This  additional  phonon  scattering  is 
magnified  at  lower  temperatures[32],  as  seen  in  Figure  1. 


CONCLUSION 

We  have  prepared  samples  with  the  skutterudite 
structure  with  La®'*'  and  Nd®'*'  ions  in  the  voids  in  order 
to  study  their  effect  on  Kg.  The  rattling  motion  of  the 
RE  elements  have  a  substantial  influence  on  the  phonon 
propogation  in  this  structure  as  seen  in  Figure  1.  We 
believe  this  method  of  reducing  Kg  is  most  promising  in 
improving  the  thermoelectric  figure  of  merit  of  the 
skutterudite  compounds. 
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ABSTRACT 

We  have  measured  the  electrical  resistivity,  p, 
thennoelectric  power,  a,  and  thermal  conductivity,  X,  of  IrSbg 
in  a  temperature  range  from  300K  down  to  4K.  It  is  found  that 
the  electrical  resistivity  and  thennopower  decrease  monotonically 
as  the  temperature  is  reduced  to  50  -  60K.  Below  approximately 
60K  the  resistivity  rises  in  a  semiconducting  manner  and  the 
thermopower  also  starts  to  rise  at  a  slightly  lower  temperature. 
It  appears  the  thennopower  exhibits  a  large  phonon  drag  peak  at 
around  20K  and  then  falls  towards  zero.  We  will  compare  these 
results  to  higher  temperature  data  from  Slack  and  Tsoukala.C) 
There  also  appears  to  be  some  unusual  temperature  dependence  of 
the  thermal  conductivity  with  a  maximum  corresponding  to  the 
peak  in  the  thermopower  which  we  will  also  discuss.  We  have 
also  measured  two  of  the  so  called  "filled  skutterudites", 
Ir4LaGe3Sb9,  and  Ir4NdGe3Sb9,  and  the  thermoelectric 
properties  will  be  presented.  We  will  compare  the  results  for  the 
filled  and  unfilled  skutteruditc  samples  in  relation  to  the 
thermoelectric  figure  of  merit. 

INTRODUCTION 

Approximately  30  years  ago  the  field  of  thcrmoelectrics 
was  at  the  height  of  its  study  and  research.  There  was  great 
promise  of  utilizing  thermoelectric  materials  to  perform  a  variety 
of  solid  state  refrigeration  needs.  In  the  late  50's  and  60’s 
materials  were  extensively  studied  and  optimized  for  their 
thennoelectric  application.  Most  of  the  research  effort  since  that 
time  has  been  involved  in  optimizing  the  properties  of  those 
materials;  alloys  based  on  the  Bi2Te3  system,  the  BiSb  system, 
the  Sii-xGex  system  or  the  PbTe  system,  to  improve  their 
thermoelectric  capabilities.  Thermoelectric  energy  conversion 
utilizes  the  Peltier  heat  generated  when  an  electric  current  is 
passed  through  a  thermoelectric  material  to  provide  a  temperature 
difference  between  the  heat  sink  and  the  object  being  cooled  or 
heated.  The  advantages  of  thennoelectric  solid  state  energy 
conversion  are  compactness,  quietness  (no  moving  parts)  and 
localized  heating  or  cooling.  It  provides  long  term  stability  with 
lifetimes  on  the  order  of  20  years  or  more.  Some  applications  of 
thermoelectrics  include  cooling  of  CCD's,  infrared  detectors  and 
low  noise  amplifiers  and  computer  chips.  They  also  are  very 
stable  and  can  be  used  for  temperature  stabilization  of  laser  diodes 
and/or  electronic  components. 


The  essence  of  defining  a  good  thermoelectric  material  lies 
in  determining  the  material's  figure  of  merit, 

Z  =  0^  (1) 

X 

where  a  is  the  Seebeck  coefficient,  a  the  electrical  conductivity 
and  X  the  total  thermal  conductivity  (A,  =  +  ^c-  the  lattice  and 

electronic  contributions  respectively). 

The  Seebeck  coefficient  is  related  to  the  Peltier  effect  by 

n  =  aT  =  (2) 

I 

where  n  is  the  Peltier  coefficient,  Qp  is  the  rate  of  heating  or 
cooling  and  I  is  the  electrical  current.  Excellent  reviews  of 
thermoelectric  properties  of  materials  and  thermoelectric 
refrigeration  is  given  in  references  2-4.  In  summary,  the 
efficiency  and  coefficient  of  performance  of  a  device  is  directly 
related  to  the  figure  of  merit  of  the  material.  Semiconductors 
have  long  been  proven  to  be  the  material  of  choice  for 
thermoelectric  applications.  It  is  found  that  the  most  promising 
materials  have  a  carrier  concentration  of  approximately  10^^ 
carriers/cm^.  The  power  factor,  a^o,  is  typically  optimized 
through  doping  by  adjusting  the  electron  concentration  to  give 
the  largest  Z  Also,  attempts  are  made  to  lower  the  lattice 
thermal  conductivity  without  decreasing  the  power  factor 
proportionally  and  thus  further  maximizing  the  figure  of  merit. 
The  standard  industrial  material  for  operation  near  room 
temperature  is  the  (Bi,Sb)2(Te,Se)3  system.  For  this 

material,  Z  =  3.4  x  10“^  K"'  and  thus  the  dimensionless  figure 
of  merit  ZT  =  1  at  T  =  300K.  This  ZT  =  1  has  been  an  upper 
limit  for  more  than  20  years  but  with  no  theoretical  or 
thermodynamic  reason  why  it  can  not  be  larger  if  an  appropriate 
material  can  be  found.  For  example,  if  a  material  with  ZT  =  2 
could  be  found,  feasible  applications  would  possibly  increase  by 
an  order  of  magnitude. 

Recently  there  has  been  substantial  renewed  interest  in  the 
field  of  thermoelectrics  as  new  materials  become  available  and 
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new  needs  become  evident.  One  of  these  groups  of  new 
materials  is  the  promising  skutterudite  system  which  includes 
IrSb3  and  CoSb3.  Initial  studies  by  various  groups  have 
indicated  that  this  material  shows  some  promise  as  a  potential 
thermoelectric  material.  The  carriers  have  high  mobilities  and 
there  are  large  vacancies  in  the  structure  of  this  material  which 
can  be  interstially  doped  and  filled  in  attempts  to  manipulate  the 
thermal  conductivity. 

The  skutterudite  structure,  AB3  (  where  A  is  the  transition 
metal  element  Ir,  Co,  Pd  and  Rh,  and  B  is  the  pnicogen  element 
such  as  P,  As  and  Sb).  The  prototype  is  the  CoAsg  system. 
The  structure  is  cubic  (with  space  group  Im3)  and  the  unit  cell 
contains  8  AB3  groups  with  32  atoms  per  unit  cell.  Also  there 
exist  two  voids  in  the  unit  cell.  A  good  example  of  the  structure 
is  shown  in  references  6  and  9.  A  recent  paper  by  Morelli  gives 
an  excellent  summary  of  the  known  transport  properties  of  some 
of  these  materials  and  concludes  that  our  knowledge  of  them  is 
inadequate  at  best,  especially  regarding  their  low  temperature 
behavior.(^)  Very  recently  there  has  been  research  on  the  low 
temperature  properties  of  CoSb3  by  Morelli  et.al.  and 
Mandrus  et.al.(^®)  Both  of  these  workers  compare  their  results 
to  recent  band  structure  calculations  of  Singh  and  Pickett 
(S&P)(^^)  who  predict  a  semiconducting  behavior  for  these 
materials  and  also  predict  them  to  exhibit  a  highly  non  parabolic 
valence  band.  Mandrus  et.  al.  find  a  semiconducting  energy  gap 
of  Eg  “  580  K  (50  meV)  in  CoSb3  in  agreement  with  S&P. 
Morelli  et.  al.  find  that  the  CoSb3  material  exhibits  large  hole 
mobilities,  a  large  lattice  contribution  to  the  thermal 
conductivity  to  low  temperatures  and  large  phonon  drag  effects 
evident  in  the  thermoelectric  power. 

These  skutterudite  materials  exhibit  relatively  low  thermal 
conductivity  on  the  order  of  20  W/mK  with  approximately  90% 
of  that  due  to  the  lattice.  These  materials  have  large  unit  cells 
with  lots  of  atoms  and  thus  present  possibilities  of  being  able  to 
manipulate  the  thermal  conductivity  through  the  lattice  thermal 
conductivity.  From  Slack's  minimum  thermal  conductivity 
theory  ('2)  j[  estimated  that  the  thermal  conductivity  in  these 
skutterudite  materials  could  be  lowered  by  a  factor  of  40  thus 
greatly  enhancing  the  figure  of  merit  for  these  materials.  In  a 
companion  paper  to  this  one  we  present  results  on  the  properties 
of  IrSb3  and  also  the  so  called  "filled  skutterudites"  where  the 
voids  have  now  been  filled  with  various  atoms  in  an  effort  to 
manipulate  the  thermal  conductivity  of  these  materials.(^3) 

The  focus  of  this  paper  will  be  primarily  on  the  low 
temperature  transport  properties  of  IrSb3.  We  will  also  present 
data  on  the  impact  of  filling  of  these  voids  with  La  and  Nd  in 
relation  to  the  electrical  properties,  resistivity  and  thermoelectric 
power,  and  the  thermal  conductivity.  The  temperature 
dependence  of  the  properties  of  the  La  filled  system  will  be 
presented  and  the  room  temperature  properties  of  the  Nd  filled 
system  will  be  discussed  . 

EXPERIMENTAL  PROCEDURE 

The  description  of  the  preparation  of  these  materials  is 
given  in  detail  in  another  publication.  03)  Qur  samples  have 
been  made  by  hot  isostatic  pressing  (Hipping)  of  powders.  As 


such,  they  do  not  always  achieve  their  full  theoretical  density. 
These  samples  are  polycrystalline  with  typical  sizes  of  12mm  x 
5mm  X  3  mm  and  were  cut  into  these  .sizes  with  a  high  speed 
diamond  saw.  We  have  performed  standard  four-probe  resistance 
measurements  on  all  our  samples.  We  used  0.005"  Au-Fe 
(0.07at%)  vs.  Cr  thermocouples  attached  to  the  samples  with  GE 
7031  varnish  to  make  the  AT  measurements.  The  sample 
voltage  (Vg)  as  well  as  the  thermocouple  voltage  (V-pc)  were 
measured  with  a  Keithley  1 82  nanovoltmeter.  The  Au-Fe  vs.  Cr 
thermocouples  provide  adequate  sensitivity  even  to  the  lower 
temperatures  (T~4K).  The  temperature  of  the  sample  is 
determined  using  a  Lake  Shore  calibrated  Cernox  sensor.  The 
resistance  of  the  sample  was  taken  by  reversing  the  current  at 
each  temperature  and  measuring  the  sample  voltage  and  then 
taking  an  average.  Typical  sample  currents  were  5-50  mA.  The 
thermopower  was  measured  in  two  ways.  First  a  standard  Vg  vs. 
AT  curve  was  taken  at  several  temperatures  with  the  gradient  on 
the  sample  being  swept  from  -AT  to  +AT  with  AT  =  2-5%  of 
T.  The  slope  was  calculated  and  the  Au  lead  contribution 
subtracted  thus  giving  the  absolute  thermopower  of  the  material. 
We  used  this  method  to  check  our  more  typical  method.  In  this 
method  a  AT  of  2-5%  T  was  established  across  the  sample. 
Then  under  computer  control  the  sample  current  was  cycled  in 
the  following  sequence:  (1.)  -fl,  (2)  1  =  0,  (3)  -I,  (4)  1  =  0,  (5) 
-hi,  with  sample  current  and  voltage,  absolute  temperature  and 
thermocouple  voltage  being  read  and  recorded  at  each  step.  The 
sample  resistance  was  calculated  from  averaging  steps  1,  3,  and  5 
and  the  thermopower  was  calculated  from  an  average  of  steps  2 
and  4.  Excellent  agreement  was  found  with  the  two  methods.  In 
regards  to  the  temperature  dependence  of  these  properties,  the 
temperature  of  the  sample  was  slowly  lowered  in  a  variable 
temperature  dewar  from  T  =  300K  to  T  =  4K  over  a  period  of  12 
-  14  hours  and  the  resistance  and  thermopower  monitored  as  a 
function  of  temperature. 

The  thermal  conductivity  X  is  the  most  difficult  parameter 
to  measure  accurately  in  the  determination  of  a  material's  figure 
of  merit.  There  are  many  corrections  for  problems  such  as  heat 
loss  by  conduction  and  radiation  effects  and  they  can  vary 
considerably  in  importance  with  sample  geometry.  Good 
thermoelectric  materials  (high  Z)  have  a  very  low  X,  on  the 
order  of  2-10  W/m-K,  further  complicating  the  measurement. 
The  samples  in  this  work  are  somewhat  large  for  thermal 
conductivity  measurements.  The  thermal  conductivity  of  smaller 
pieces  of  these  samples  were  measured  using  a  standard  steady 
state  technique  and  is  essentially  the  same  technique  as  described 
elsewhere  by  Morelli.  (14>15)  measured  the  a  and  p  of 

some  of  these  smaller  samples  and  we  will  discuss  these  results. 

RESULTS  AND  DISCUSSION 

We  have  measured  the  temperature  dependence  of  a,  p  of 
three  types  of  these  samples;  IrSbg,  Ir4LaGe3Sb9,  and 
Ir4NdGe3Sb9,  and  also  X  of  two  types  IrSbg  and  Ir4LaGe3Sb9. 
The  thermal  conductivity  of  the  Ir4NdGe3Sb9  sample  was 
measured  by  Morelli  and  the  data  is  presented  in  reference  13.  In 
Figure  1  is  shown  the  temperature  dependence  of  standard 
unfilled  IrSbg  with  a  density  of  82%  of  the  theoretical  density. 
The  resistance  is  monotonically  decreasing  with  decreasing 
temperature  down  to  T=  60  K  where  there  is  a  broad  minimum 
and  then  a  change  in  sign  of  dR/dT  below  this.  The 
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thermopower  also  monotonically  decreases  with  temperature 
typical  of  linear  diffusion  thermopower  down  to  T  =  40  K  with  a 
strong  peak  at  T  =  25K  and  then  decreases  toward  zero  as  T  goes 
to  zero.  This  is  typical  of  a  strong  phonon  drag  ihermopower. 

We  compare  our  room  temperature  measurements  on  the 
82%  dense  sample  to  measurements  made  on  a  98%  dense 
sample  reported  by  Slack  and  Tsoukala  (S&T).(^)  They  are  as 
follows  with  our  results  given  first:  thermopower  (+76.7,  +73) 
pV/K,  resistivity  (  4.23,  4.4  )  x  lO*^  ohm-cm,  and  thermal 
conductivity  (  20,  17.5)  Watt/m-K.  Thus,  there  is  very  good 
agreement  between  the  results  on  this  sample  and  that  in 
reference  1,  suggesting  that  the  results  are  relatively  insensitive 
to  the  density. 


0  50  100  150  200  250  300 

Temperature  (K) 


Fig.  1.  The  resistance  (p)  and  thermopower  (a)  of 
polycrystalline  IrSb3  (82%  dense)  as  a  function  of  temperature. 

In  Figure  2  is  the  same  data  blown  up  to  show  the  low 
temperature  region  (T  <  150K).  It  became  more  difficult  to 
establish  a  temperature  gradient  on  this  sample  around  the  region 
of  the  peak,  as  if  the  thermal  conductivity  was  becoming  much 
larger.  We  measured  p,  ot  and  A,  of  a  small  sliver  from  the 
outside  edge  of  this  sample.  The  thermal  conductivity  results  are 
shown  in  Figure  3.  There  is  a  large  peak  in  the  thermal 
conductivity  at  approximately  the  same  temperature  as  the 
"phonon  drag"  peak  in  the  thermopower  thus  confirming  a  large 
phonon  contribution  to  both  parameters  at  these  low 
temperatures.  The  thermal  conductivity  of  IrSb3  has  a  strong 
temperature  dependence  and  is  very  similar  to  that  measured  by 
Morelli  et.  al  for  the  CoSb3.  The  CoSb3  material  also  shows  a 
phonon  drag  peak  in  the  thermopower  close  to  the  peak  in  the 
thermal  conductivity.  There  was  very  good  agreement  with  the 
resistivity  measurements  for  the  primary  sample  and  the  small 
sliver,  however  the  thermopower  measurements  showed  some 
differences.  In  the  small  sliver  sample  the  large  phonon  drag 
peak  was  not  evident  and  the  room  temperature  thermopower  was 
less,  62  pV/K  as  compared  to  76  pV/K,  than  those  in  Figure  1. 
It  may  be  that  the  sample  was  nonuniform  since  the  sliver  would 
have  been  in  contact  with  the  sides  of  the  press.  We  are 
presently  performing  experiments  to  check  this  explanation. 
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Note  the  large  upturn  in  resistance  at  T  ~  60  K  where  the 
resistance  now  shows  a  semiconducting  type  behavior  which 
would  correspond  to  a  narrow  band  gap  of  Eq  =  10  meV.  Singh 
and  Pickett  actually  predict  that  IrSb3  would  be  essentially 
a  zero  gap  semiconductor.  Our  results  on  the  IrSbg  are  consistent 
with  a  very  small  gap.  It  is  difficult  to  get  Iridium  very  pure  and 
thus  some  of  the  impurities  in  the  Iridium  could  be  affecting  our 
results.  Mandrus  et.  al  performed  measurements  on  the  low 
temperature  properties  of  CoSbg  and  found  excellent  agreement 
with  Ihe  predicted  band  gap  of  50  meV  by  S&P. 
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Fig.  2.  The  resistance  (p)  and  thermopower  (a)  of  polycrystalline 
IrSby  (82%  dense)  as  a  function  of  temperature  forT  <  150K. 


Temperature  (K) 

Fig.  3.  The  total  thermal  conductivity  of  polycrystalline 
IrSbs  (82%  dense)  and  Ir4LaGe3Sb9  as  a  function  of 
temperature. 
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In  Figure  4  we  show  a  and  p  of  one  of  the  filled 
skutterudites,  Ir4LaGe3Sb9,  where  La  was  put  into  the  voids  of 
the  IrSb3  structure.  The  Ge  was  added  in  an  attempt  at  charge 
compensation  for  the  La.  It  is  apparent  from  the  values  of  a  and 
p  that  these  properties  of  the  filled  skutterudite  were  not 
optimized.  As  stated  in  our  companion  paper  much  more 
work  needs  to  be  done  in  regards  to  the  charge  compensation  for 
the  donated  electrons  by  the  rare  earth  ions  and  this  is  underway. 
Notice  that  the  resistivity  has  a  more  metallic  temperature 
dependence  even  to  4K  and  the  room  temperature  resistivity  is 
approximately  three  times  that  of  the  unfilled  sample.  Also  the 
room  temperature  thermopower  is  approximately  a  factor  of  10- 
12  smaller  than  the  unfilled  sample.  There  still  exists  a  low 
temperature  peak  in  the  thermopower  at  about  the  same 
temperature  as  the  IrSb3.  This  peak  in  the  thermopower 
corresponds  to  the  peak  in  the  thermal  conductivity  shown  in 
Figure  3.  In  addition  the  thermopower  undergoes  a  change  in 
sign  at  T  =  180  K  indicating  a  change  in  dominant  carrier  from 
p-type  to  n-type  suggesting  multi-band  conduction.  This 
suggests  simultaneous  electron  and  hole  transport  and  itself  could 
account  for  the  reduced  value  of  a  compared  to  IrSb3.  We  hope 
to  confirm  this  with  Hall  measurements  that  are  planned  for  the 
future.  We  also  measured  a  and  p  of  a  sliver  of  the 
Ir4LaGe3Sb9  sample  and  there  was  excellent  agreement  of  this 
data  and  the  data  on  the  primary  sample,  thus  making  the  IrSb3 
difference  more  likely  to  be  nonuniformity  and  not  a  difference  in 
measurements  of  the  two  pieces 
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We  have  also  measured  the  room  temperature  resistivity  and 
Ihermopower  of  a  Nd  filled  sample,  Ir4NdGe3Sb9.  This  sample 
has  a  room  temperature  thermopower  of  -i-l  uV/K  and  a 
resistivity  of  15  x  10"^  t2-cm.  The  thermal  conductivity  has 
been  measured  by  Morelli  and  is  presented  in  reference  13.  The 
thermal  conductivity  is  even  lower  than  that  for  the  La  filled 
sample.  All  of  the  results  for  these  three  samples  is  summarized 
in  Table  1  below.  We  have  also  estimated  the  lattice  thermal 
conductivity  by  calculating  the  electronic  part  of  the  thermal 
conductivity  Xg  from  the  Wiedemann-Franz  law  Xg  =  LoOT 
where  Lq  is  the  Lorentz  number  (2.45  x  10  Watt-f2  /  K^),  0 
is  the  electrical  conductivity  (  o  =  1/p)  and  T  is  the  temperature 
and  in  Table  1,  T  =  300K.  The  dimensionless  figure  of  merit  ZT 
(T=300K)  is  also  listed  and  as  is  obvious,  even  though  we  are 
greatly  reducing  the  thermal  conductivity  the  ZT  is  also  being 
severely  reduced.  Thus  as  stated  previously  charge  compensation 
is  an  essential  part  of  this  problem.  We  need  to  keep  the  large 
thermopower  and  high  conductivity  while  reducing  the  thermal 
conductivity. 


TABLE  1,  Summary  of  Properties. 


IrSb3 

a  (300K) 
(fiV/K) 

+76.1 

p  (300K) 

10'^  f2-cm 

4.23 

Xt  (300K) 
(W/m-K) 

20 

Xl  (300K) 
(W/m-K) 

18.2 

ZT  (300K) 

2.1x10-2 

w/La 

w/Nd 

+6.4 

+0.9 

9.04 

16.9 

3.7 

1.0 

2.9 

0.57 

1.7x10-4 

1.4x10-5 

Table  1.  Summary  of  the  properties  that  are  used  in  the  figure  of 
merit,  Z,  in  relation  to  the  filling  of  the  voids. 


CONCLUSION  AND  SUMMARY 


Fig.  4.  The  resistance  (p)  and  thermopower  (a)  of  a  filled 
skutterudite  Ir4LaGe3Sb9  (also  82%  dense)  as  a  function  of 
temperature. 

The  thermal  conductivity  of  the  La  filled  skutterudite  is 
reduced  by  approximately  an  order  of  magnitude  in  comparison  to 
the  unfilled  material,  IrSb3  with  respective  values  of  20  W/m-K 
for  IrSb3  and  3.7  W/m-K  for  the  La  filled  system.  This  shows 
that  the  thermal  conductivity  can  be  substantially  altered  by  this 
filling  of  the  voids,  but  that  much  more  work  needs  to  be  done 
to  optimize  the  electrical  properties  through  charge 
compensation. 


We  have  measured  resistivity,  thermopower  and  the  thermal 
conductivity  of  a  series  of  three  materials;  the  unfilled  IrSbg  and 
two  filled  skutterudites,  Ir4LaGe3Sb9  and  Ir4NdGe3Sb9.  We 
have  found  that  the  thermal  conductivity  can  be  greatly  effected 
by  this  filling  and  reduced  as  expected  by  the  increased  number  of 
scattering  centers.  We  have  found  that  these  materials  exhibit 
interesting  temperature  dependence  of  these  propenies  at  low 
temperatures,  T  <  300K.  Much  more  work  needs  to  be  done  to 
optimize  the  electrical  properties  of  these  materials  through 
charge  compensation  for  filling  with  the  rare  earth  atoms.  Also, 
more  research  needs  to  be  done  to  establish  this  material  as  a 
viable  material  for  thermoelectric  applications  but  a  lot  of 
progress  is  being  made  especially  in  the  area  of  minimizing  the 
thermal  conductivity. 


244 


ICT-95 


Tritt  et.  al.  5 


ACKNOWLEDGMENTS 

We  would  like  to  acknowledge  Hylan  B.  Lyon  Jr,  of 
Marlowe  Industries  for  general  and  interesting  discussions  on 
thermoelectrics  and  on  the  skutterudite  materials.  We  would  like 
to  also  acknowledge  the  U.  S.  Office  of  Naval  Research  for 
partial  support  of  this  work. 


REFERENCES 

[I] .  Glen  A.  Slack  and  V.  G.  Tsoukala,  Jour.  Appl.  Phys. 

76,  1635  (1994) 

[2J.  H.  J.  Goldsmid,  Electronic  Refrigeration.  Pion  Limited 
Publishing,  London  1986 

[3] .  D.  M.  Rowe  and  C.  M.  Bhandari,  Modern 
Thermoelectrics.  Reston  Publishing  (Prentice  Hall) ,  Rcston  VA 
1983 

[4] .  C.  Wood,  Rep.  Prog.  Phys.  51,  459-539  (1988) 

[5] .  W.  M.  Kim  and  F.  D.  Rosi,  Solid  State  Electronics,  15, 

1121  (1972) 

[6] .  J.  P.  Fleurial.  T.  Caillet  and  A.  Borshchevsky, 

"Skutterudites,  a  New  Class  of  Promising  Thermoelectric 
Materials"  in.  Proceedings  of  the  XIII  International  Conference 
on  Thermoelectrics  Kansas  City,  MO,  USA,  American  Institute 
of  Physics,  edited  by  B.  Malhiprakasaru  and  P.  Heenan,  1995,  pp 
40-44 

[7] .  T.  Caillet,  A.  Borshchevsky  and  J.  P.  Fleurial, 

"Preparation  and  Thermoelectric  Properties  of  p-  and  n-type 
IrSb3"  ibid  ref  6  pp  31-34. 

[8] ,  T.  Caillet,  A.  Borshchevsky  and  J.  P.  Fleurial. 

"Preparation  and  Thermoelectric  Properties  of  p-  and  n-type 
CoSb3"  ibid  ref  6  pp  58-61. 

[9] ,  D.  T.  Morelli  et.  al.,  Phys.  Rev  B,  51,  9622  (1995) 

[10] ,  D.  Mandrus  et.  al.,  submitted  to  Phys.  Rev.  B,  (1995) 

[II] ,  David  J.  Singh  and  Warren  E.  Pickett,  Phys.  Rev.  B,  50, 
11235,(1995) 

[12] ,  Glen  A.  Slack,  in  Solid  State  Physics,  edited  by  H. 
Ehrenreich,  F.  Seitz  and  D.  Turnbull  (Academic,  New  York, 
(1979),  Vol.  34,  p.  1 

[13] ,  George  S.  Nolas,  Glen  A.  Slack,  Terry  M.  Tritt  and 
Donald  T.  Morelli,  Proceedings  of  the  XIV  International 
Conference  on  Thermo-electrics  (this  conference).  New 
Thennoelectric  Material  based  on  IrSb3. 

[14] ,  D.  T.  Morelli  and  C.  Uher,  Phys.  Rev  B,  28,  4242 
(1983) 

[15] ,  D.  T.  Morelli  Phys.  Rev.  B,  44,  5453  (1991) 


245 


THERMOELECRIC  PERFORMANCE  OF  ZnO-BASED  MIXED  OXIDES 
AS  A  PROMISING  HIGH-TEMPERATURE  MATERIAL 

M.  Ohtaki,  T.  Tsubota,  K.  Eguchi,  and  H.  Arai 

Department  of  Materials  Science  and  Technology,  Graduate  School  of  Engineering  Sciences,  Kyushu  University, 

Kasuga,  Fukuoka  81 6  JAPAN 

Investigation  on  thermoelectric  properties  of  ZnO-based  mixed  oxides  reveals  exceedingly  promising  performance 
of  (Zni_xAlx)0  among  oxide  materials  so  far  reported.  Addition  of  even  a  small  amount  of  A1  as  x  =  0.01  causes 
marked  increase  in  the  electrical  conductivity,  whereas  the  Seebeck  coefficient  of  the  oxide  retains  moderate  nega¬ 
tive  values.  Consequently,  the  power  factor  of  (Zni.xAlx)O  up  to  x  =  0.05  reaches  8-15X10''*  W/m  over  a  range 
from  room  temperature  to  1000°C.  Although  the  thermal  conductivity  of  the  oxide  is  substantially  high  at  present, 
the  oxide  at  x  -  0.02  achieves  the  figure  of  merit  of  0.24  X  lO'^  K'*  and  the  ZT  value  of  0.30  at  1000°C. 


Introduction 

Rapidly  increasing  importance  of  thermoelectric  energy  con¬ 
version  has  intensively  stimulated  search  for  new  thermoelectric  ma¬ 
terials  [1-4],  because  improvement  in  thermoelectric  performance  of 
conventional  materials  appears  to  be  almost  levelling  off  In  particu¬ 
lar,  materials  suitable  for  high- temperature  operation  are  of  great  in¬ 
terest  in  terms  of  thermoelectric  power  generation,  since  the  energy 
conversion  efficiency  improves  with  increasing  temperature  differ¬ 
ence  over  which  a  thermoelectric  device  operates  [5].  This  means 
that,  even  if  the  thermoelectric  figure  of  merit  Z  of  a  new  material 
would  not  be  so  eminent,  the  dimensionless  figure  of  merit  ZT,  which 
directly  reflects  the  conversion  efficiency,  could  become  sufficient  if 
the  material  has  preferable  properties  at  higher  temperatures. 

One  of  the  most  popular  refractory  materials  is  oxide,  since 
metal  oxides  at  their  common  oxidation  states  are  generally  very 
stable  at  elevated  temperature  in  air.  Electrical  conduction  in  oxide 
-materials  has  also  been  extensively  studied,  and  there  is  a  wide  vari¬ 
ety  in  their  electrical  properties  from  insulating  to  superconducting. 
Nevertheless,  research  on  oxide  materials  have  scarcely  been  re¬ 
ported  in  thermoelectrics.  Although  excellent  durability  of  metal  ox¬ 
ides  at  high  temperature  in  air  should  apparently  be  advantageous, 
oxide  materials  have  been  left  out  of  consideration  presumably  owing 
to  poor  thermoelectric  performance  predicted  by  the  conventional 
broad-band  semiconductor  theories  [6]  for  the  low  carrier  mobility  as 
often  found  in  oxides. 

Conventional  thermoelectric  materials  in  practical  use  have  all 
been  semiconducting  compounds  and  alloys  in  which  the  interatomic 
bonds  are  highly  covalent,  e.g.,  Bi2Te3,  PbTe,  and  Si-Ge  alloys,  be¬ 
cause  a  large  overlap  of  the  bonding  orbitals  in  these  materials  yields 
the  high  carrier  mobilities,  and  based  on  the  broad-band  theories,  this 
leads  to  both  large  thermoelectric  power  and  high  electrical  conduc¬ 
tivity.  In  this  context,  oxides,  which  are  considered  to  be  substan¬ 
tially  ionic  materials,  are  of  no  much  interest.  The  highly  ionic  char¬ 
acter  of  oxides  more  or  less  localizes  conduction  electrons,  and 
would  results  in  poor  carrier  mobilities.  A  few  high-Tc  supercon¬ 
ducting  cuprates  having  perovskite-related  structures  were  once  pro¬ 
posed  to  be  a  low  temperature  material  for  tliennoelectric  cooling  [7], 
but  the  proposal  was  concluded  to  be  hopeless  because  of  their  very 
low  carrier  mobility  as  ca.  0. 1  cm2  /  y  s  due  to  a  highly  localized 
nature  of  these  cuprates  [8,9].  Some  metal  oxides,  however,  exhibit 
rather  high  carrier  mobility,  such  as  high  as  240  cm2  /  y  s  reported  for 
Sn02  [10]'  which  value  is  similar  to  that  of  the  drift  mobility  of  metal 
Cu.  Moreover,  even  though  the  mobility  of  somewhat  localized  elec¬ 
trons  such  as  small  polarons  in  oxides  should  apparently  be  low,  the 
upper  limit  of  thermoelectric  performance  predicted  by  the  broad¬ 
band  theories  might  no  longer  hold  for  such  materials  deviating  from 
the  collective  free-electron  model.  For  example,  boron  carbides  with 
small  polaron  hopping  conduction  mechanism  are  known  to  show 


excellent  thermoelectric  performance  at  high  temperatures  [11-13]. 

Recently,  we  have  been  investigating  the  thermoelecU-ic  prop¬ 
erties  of  several  highly  conductive  oxides  as  a  trial  to  open  up  a  novel 
field  of  materials  in  thermoelectrics.  We  first  reported  that  In203- 
based  mixed  metal  oxides  show  fairly  good  theimoelectric  perfor¬ 
mance  at  high  temperatures,  and  that  they  might  be  hopeful  in  high- 
lemperature  tliermoelectrics  [14,15].  Subsequently,  We  have  also 
pointed  out  that  partially  substituted  CaMn03  perovskite-type  oxides 
are  rather  promising  as  a  new  candidate  material  [16].  These  oxide 
materials  are  fit  well  to  conventional  ceramic  processing  techniques 
for  their  preparation,  and  apparently  stable  in  air  at  least  up  to  1300 
°C  without  any  surface  protection.  The  performance  of  these  oxides, 
however,  has  not  yet  been  overwhelming  com.pared  to  other  high- 
temperature  candidate  materials. 

Here  we  report  the  thennoelectric  properties  of  Al-dopcd  ZnO 
which  exhibits  outstandingly  promising  performance  for  the  first 
time  as  oxide,  and  is  surpassing  other  non-oxide  candidates.  The  A1 
doping  markedly  increases  the  electrical  conductivity  of  the  oxide 
maintaining  the  moderate  thermoelectric  power,  and  attains  in  this 
first  report  one-third  of  the  ability  of  the  practical  state-of-the-art 
materials.  A  Jonker-type  analysis  reveals  inherent  advantages  of  the 
oxide  in  its  electrical  properties,  even  with  the  high  thermal  conduc¬ 
tivity  found  at  present. 

Experimental 

Samples  of  (Zaj.^AyO  (x  =  0.0  -  0.1)  were  prepared  from  fine 
powders  of  ZnO  and  AI2O3  by  solid  state  reaction.  Properly  weighed 
powders  were  mixed  in  a  nylon-lined  ball  mill  for  24  h,  and  then 
isostatically  pressed  into  pellet  at  a  pressure  of  1 1 6  MPa  at  room  tem¬ 
perature.  The  pellet  was  sintered  at  1400  °C  for  10  h  in  air. 

Crystal  phases  in  the  sar  -ples  were  examined  by  a  powder  X- 
ray  diffraction  (XRD)  study.  The  relative  density  of  the  sintered 
samples  was  determined  by  the  Archimedes’  method.  The  electrical 
measurements  were  carried  out  on  the  samples  cut  out  from  the  sin¬ 
tered  pellets  as  parallelepiped  bars  of  ca.  4  mm  X  3  mm  X  15  mm  in 
size.  The  electrical  conductivity  c  and  the  Seebeck  coefficient  S 
were  measured  simultaneously  at  the  steady-state  temperature.  The 
measurement  procedures  and  an  experimental  setup  have  been  de¬ 
scribed  elsewhere  in  detail  [15].  Briefly,  two  Pt/Rh-Pt  thermo¬ 
couples  were  attached  on  both  end  surfaces  of  the  sample  bar,  and 
another  two  Pt  paste  eleetrodes  were  placed  between  them  in  the  stan¬ 
dard  4- wire  arrangement.  First,  after  an  even  and  steady  temperature 
was  attained,  a  was  measured  by  the  d.c.  4-wire  technique  using  Pt 
legs  of  each  Pt/Rh-Pt  thermocouple  as  current  leads.  Subsequently, 
varying  extent  of  small  (<  5  K)  and  steady-state  temperature  gradi¬ 
ents  were  applied  by  a  heater  located  near  by  one  end  of  the  sample, 
and  S  was  obtained  from  the  slope  of  the  least-square  regressions  for 
the  thermoelectromotive  force  as  a  function  of  the  temperature  differ- 
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ence.  The  measurements  were  carried  out  from  room  temperature  up 
to  1000  °C.  The  thermal  conductivity  icwas  detennincd  from  the 
thermal  diffusivity  and  the  specific  heat  capacity  measured  by  the 
laser  flash  techniLjue  on  an  ULVAC  TC-7000  thermal  constant  mea¬ 
surement  system.  The  temperature  dependence  of  ic  was  measured 
up  to  1000  °C  ill  vacuo,  and  all  the  ic  measurements  were  calibrated 
with  a  standard  sample  of  sapphire  single  crystal. 

Results  and  Discussion 

All  the  samples  of  (Zni.xAlx)O  obtained  as  above  were  com¬ 
pletely  dense  sintered  bodies  with  the  relative  density  of  more  than 
99%,  and  consisted  of  ZnO  single  phase  confirmed  by  an  XRD 
study,  except  samples  at  x  >  0.02  those  also  contained  only  a  slight 
amount  of  ZnAl204  spinel  phase.  Undoped  sample  of  ZnO  was  a 
semiconductor  with  rather  low  electrical  conductivity  at  least  at 
room  temperature  as  shown  in  Fig.  1 .  Although  the  phase  diagrams 
so  far  reported  on  the  system  Zn-Al-0  have  indicated  no  solid  solu- 
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Fig.  1  Temperature  dependence  of  the  electrical 
conductivities  tor  (Zni.xAlx)0. 


Fig.  2  Temperature  dependence  of  the  Seebeck 
coefficients  tor  (Zn-i.^AyO. 


lion  regime  near  the  ZnO  end  member,  addition  of  even  a  small 
amount  of  A1  as  x  =  0.01  causes  marked  increase  in  o  of  more  than 
3  orders  of  magnitude  at  room  temperature,  and  changes  its  behavior 
from  semiconducting  to  metallic  as  seen  in  Fig.  1.  Since  the 
ZnAl204  single  phase  also  examined  was  electrically  almost  insulat¬ 
ing,  aluminum,  at  least  with  a  smaller  fraction  than  nominal  compo¬ 
sitions,  should  hence  dissolve  into  ZnO  to  act  as  a  donor.  However, 
the  a  values  for  the  samples  at  x  >  0.02  begin  to  decrease  again, 
presumably  owing  to  incorporation  of  substantial  amount  of  the 
highly  resistant  ZnAl204  phase. 

The  Seebeck  coefficient  S  of  the  undoped  sample  was  large 
and  negative,  indicating  the  n-type  conduction.  The  doping  with  A1 
caused  a  decrease  in  the  absolute  values  of  S  as  seen  in  Fig.  2,  in 
qualitative  accordance  with  the  increase  in  a  slated  above.  Never¬ 
theless,  ISi  remain  moderate  as  100  -  150  /iV  /  K  at  room  tempera¬ 
ture,  and  show  a  slight  increase  with  increasing  temperature  up  to  ca. 
180  pV  at  1000  ”C. 

Consequently,  the  power  factors  of  the  Al-doped  samples 
up  to  X  =  0.05  attained  the  markedly  large  values  of  8  -  15  X  10'“*  W 
/  m  over  a  wide  temperature  range  from  room  temperature  to 
1000  °C,  as  exemplified  in  Fig.  5  for  x  =  0.02.  These  values  of  the 
power  factor  infer  that  the  oxide  (Zn].xAlx)0  is  highly  promising  for 
thermoelectric  applications,  and  imply  that  the  electrical  properties 
of  the  oxide  have  an  inherent  advantage  among  oxide  materials.  We 
have  t.  nee  conducted  further  analysis  on  the  electrical  transport 
properties  of  the  present  oxide. 

The  three  physical  parameters  in  the  thennoelectric  figure  of 
merit,  Z  =  S^o/K,  are  all  related  to  the  carrier  concentration.  Assum¬ 
ing  a  simple  two-band  model  for  extrin.sic  n-type  semiconductors 
with  negligible  hole  conduction,  the  following  equations  can  be  de¬ 
rived  [17,18], 

CT  =  lie  jj-,  ( 1 ) 

S  = -ik /e)MNJ  n)  +  A],  (2) 

where  n  is  the  electron  concentration,  e  is  the  electric  charge  of  the 
carrier,  R  is  the  mobility,  k  is  the  Boltzmann  constant,  is  the  den¬ 
sity  of  states  (DOS),  and  A  is  a  transport  constant  typically  0  <  A  <  2. 
From  eqs.  (1)  and  (2),  one  can  obtain 

S  =  -{k  /e)lna  -  {k  /e)\n[Ny  ep.  exp(A)].  (3) 

Assuming  the  constant  DOS  and  mobility,  a  plot  of  S  versus  IncT  will 
thereby  give  a  straight  line  with  a  slope  of  +k  /  lei  or  +86. 17  /  K 

and  an  intercept  governed  by  a  product  of  DOS  and  the  mobility 
[18],  We  have  carried  out  this  Jonker-type  analysis  [17]  on  (Znj.x 
Alx)0  (0.0  <  X  <  0. 1),  and  plotted  the  results  in  Fig.  3.  A  solid  line  in 
the  figure  stands  for  the  least-square  regressions  with  a  fixed  slope  of 
+86. 17  fiV  /  K  for  the  data  at  900  and  1000  °C.  The  good  linearity  of 
the  plots  confims  the  validity  of  the  analysis,  and  allows  to  obtain 
Inao  as  an  intercept  on  the  x-axis  at  5  =  0  in  Fig.  3,  which  reflects  the 
DOS-mobility  product.  From  the  value  of  Inag  obtained  as  12.4  in 
the  unit  of  S  /  m,  ISI  can  be  calculated  with  eq.  (3)  as  k/e  (Ina  -  InCo) 
as  a  function  of  the  conductivity  cr.  The  power  factor  S^a  or  Zk 
thereby  becomes  also  a  function  of  a,  and  gives  its  predicted  maxi¬ 
mum  as  9.8  X  10-4  W  /  m  K2  at  which  cr  =  3.30  X  10^  S  /  m  and  5  = 
172  juV  /  K.  Actually,  somewhat  larger  maximum  of  16.6X  10-4  w 
/  m  was  achieved  for  x  =  0.02  at  600  °C,  where  ct=6.14X104S 
/  m  and  5  =  164  /  K,  in  fundamentally  good  accordance  with  the 

calculation  based  on  the  simple  assumption. 

The  values  of  the  power  factor  observed  for  (Zni.xAlx)O  are 
well  comparable  to  those  of  the  conventional  thermoelectric  materi¬ 
als  in  practical  use,  and  are  several  times  superior  to  those  of  In203- 
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Fig.  3  The  Jonker  plots  for  (ZnvxAlx)O. 

based  mixed  oxides  [14,15]  and  partially  substituted  CaMn03  per- 
ovskite-type  oxides  [16]  we  have  already  reported.  It  should  also  be 
noted  that  the  maxima  of  S^a  of  (Zni_jjAlx)0  locate  at  temperatures 
higher  than  those  of  such  as  Bi2Te3  and  PbTe,  and  can  lead  to  larger 
ZT  values.  The  Inog  value  obtained  for  (Znj.xAlxlO  is  much  greater 
than  the  value  estimated  for  a  series  of  high- 7].  superconducting  cu¬ 
prates  as  Inoo  =  10.1 ,  for  which  possibility  of  thermoelectric  applica¬ 
tions  has  been  concluded  to  be  unlikely  due  to  their  very  low  mobili¬ 
ties  [8].  The  large  DOS-mobility  product  of  the  present  oxide  re¬ 
vealed  here  means  inherent  advantages  in  the  electrical  transport 
properties  of  the  oxide  in  contrast  to  other  oxides  such  as  the  super¬ 
conducting  cuprates,  and  endorses  expected  applicability  of  the 
ZnO-based  oxides  to  high-temperature  thermoelectric  conversion. 

The  thermal  conductivity  K  is  another  fundamental  parameter 
in  Z.  At  present,  unfortunately,  xrof  the  Al-doped  ZnO  is  found  to  be 
substantially  high.  As  shown  in  Fig.  4,  icof  (Zno.98AIo.o2)0  at  room 
temperature  was  determined  as  markedly  high  as  40.2  W  /  m  K,  and 
found  to  decrease  down  to  5.4  W  /  m  K  at  1000  “C  with  increasing 
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Fig.  4  Temperature  dependence  of  the  thermal 
conductivity  for  (Zno.98Alo.02)0. 


T/°C 


Fig.  5  Temperature  dependence  of  the  power 

factor  and  the  ZT  value  of  (Zno.98Alo.o2)0- 

temperature.  Nevertheless,  even  with  such  high  values  of  the  ther¬ 
mal  conductivity,  the  oxide  achieved  the  figure  of  merit  Z  =  S^o/Kol 
0.24  X  lOA  K'l  and  hence  the  ZT  value  of  0.30  at  1000  °C  as  pre¬ 
sented  in  Fig.  6.  This  value  is  about  one-third  of  the  ability  of  the 
practical  state-of-the-art  materials  even  in  this  first  report,  and  is  of 
course  outstandingly  the  largest  for  oxide  materials  ever  reported. 

A  substantial  suppression  of  the  thermal  conductivity  is  ex¬ 
pected  to  result  in  further  improvement  in  the  thetmoelectric  perfor¬ 
mance  of  the  present  oxide.  The  plots  of  tc  versus  1/7  depicted  in 
Fig.  6  shows  a  good  linearity  which  concludes  the  dominant  contri¬ 
bution  of  the  lattice  vibration  or  phonons  to  heat  transport  in  the  ox¬ 
ide.  This  is  further  confirmed  by  an  analysis  on  components  of  the 
overall  thennal  conductivity  k..  The  electronic  thermal  conductiv¬ 
ity,  Kg,  can  be  estimated  from  the  electrical  conductivity  <7  by  the 
Wiedemann-Franz  relation  Kg  =  LoT  (L  is  the  Lorenz  number)  for 
which  validity  on  several  electronic-conducting  oxides  has  also  been 
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Fig.  6  The  thermal  conductivities  of  (Zno.98Alo.o2)0  as  a 

function  of  1/7.  The  contribution  of  phonons,  icph,  is 
calculated  from  the  overall  k  by  subtracting  the 
contribution  of  electrons,  Kq,  estimated  by  the 
Wiedemann-Franz  relation. 
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confirmed  [19],  Figure  6  also  presents  that  the  Ihennal  conductivity 
of  the  oxide  consists  of  a  predominant  proportion  of  the  phonon  ther¬ 
mal  conductivity,  iCpi,,  which  is  calculated  by  subtracting  from  the 
overall  k.  These  results  strongly  suggest  that  a  significant  reduction 
of  the  overall  K  without  seriously  affecting  tire  electrical  properties 
by  selective  scattering  of  lattice  phonons  should  be  possible  [20,21], 
The  promising  electrical  transport  properties  and  the  expected  im¬ 
provement  in  the  thermal  transport  properties  of  (ZnpxAlx)©  pre¬ 
sented  here  would  make  it  possible  to  propose  ZnO-based  oxides  as 
a  novel  high-temperature  thermoelectric  material  competitive  well 
to  the  conventional  non-oxide  materials,  besides  the  oxides  are  also 
highly  durable  to  high-tempcrature  operation  in  air  at  least  up  to 
1300  °C  without  any  surface  protection  and  can  lead  to  higher  ZT 
values. 

Conclusions 

A  metal  oxide  which  can  exhibit  the  thermoelectric  perfor¬ 
mance  well  comparable  to  the  conventional  materials  was  first  re¬ 
ported,  The  oxide.  (Zni_xAlx)0  (0  <  x  <  0, 1),  showed  marked  in¬ 
crease  in  the  electrical  conductivity  with  incorporation  of  a  small 
amount  of  AI2O3,  implying  the  Al-doping.  On  the  other  hand,  the 
Seebeck  coefficient  remained  moderate  in  its  absolute  values,  and 
resulted  in  significantly  large  values  of  the  power  factor  as  8  -  15  X 
10'‘*  W  /  m  K2.  The  Jonker-type  analysis  revealed  an  inherent  ad¬ 
vantage  in  the  electrical  properties  of  the  present  oxide  due  to  a  large 
value  of  the  product  of  the  density-of-state  and  the  mobility,  in  con¬ 
trast  to  other  oxide  materials  such  as  superconducting  cuprates. 
Even  though  the  thermal  conductivity  of  the  present  oxide  is  cur¬ 
rently  substantially  high,  the  oxide  at  x  =  0.02  achieved  the  figure  of 
merit  of  0.24  X  10'^  K'*  and  theZT  value  of  0.30  at  1000°C.  Estima¬ 
tion  of  the  phonon  thermal  conductivity  clarified  the  predominant 
contribution  of  phonons  to  the  overall  thermal  conductivity,  and 
strongly  suggested  possibility  of  a  significant  reduction  of  the  ther¬ 
mal  conductivity  without  seriously  affecting  its  electrical  properties, 
which  leads  to  a  considerable  improvement  in  its  thermoelectric  per¬ 
formance. 
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Abstract 

Three  phases  have  been  identified  from  the  powder  X-ray  diffraction  pattern:  two  f  c.c.  cubic  phases  with  respective  lattice  parameters 
ai=  0.594  Inm  and  aii=  0,6062nm,  and  an  intermetallic  compound  TieSns  with  a  hexagonal  crystal  structure.  Transmission  electron 
microscopy  observations  revealed  two  typical  microstructures  in  the  arc  melted  alloy:  one  showing  a  mottled  contrast  and  the  other  a 
basket  weave  contrast.  The  annealing  experiments  have  demonstrated  that  the  minor  phase  and  the  cubic  phase  of  larger  lattice  parameter 
are  thermally  unstable,  and  that  the  basket  weave  spinodal  structure  changes  to  a  two  phase  segregation  structure  after  just  a  few  hours  of 
annealing  at  800  “C.  It  is  also  found  that  over  annealing  causes  the  loss  of  low  melting  point  component  Sn. 


1  Introduction 

A  well  annealed  ternary  TiNiSn  alloy  was  studied  recently  by 
Aliev  and  his  colleagues[l,2].  It  was  reported  that  the  alloy 
exhibited  a  variety  of  interesting  properties  characteristic  of  a 
narrow  gap  semiconductor.  These  properties  include  a  negative 
temperature  coefficient  of  electrical  resistivity  and  a  high  Seebeck 
coefficient  which  is  about  300  pV/K  at  room  temperature. 
According  to  the  thermoelectric  theories,  which  was  briefly 
summarized  by  Rosi  [3],  the  Seebeck  coefficient  (a)  is  a  crucial 
parameter  for  the  engineering  application  of  the  thermoelectric 
materials;  and  efficiency  of  thermoelectric  energy  conversion  is 
determined  by  the  figure  of  merit  Z=aVpK,  where  p  is  electrical 
resistivity  and  k  is  thermal  conductivity  of  the  materials.  The 
figure  of  merit  was  measured  at  the  University  of  Virginia  and 
found  to  be  about  0.1  x  10’^  1/K  in  the  annealed  TiNiSn  alloy.  This 
value  is  much  smaller  than  that  of  such  thermoelectric  alloys  in  use 
as  Bi-Tc  alloys  for  cooling  device  and  Si-Ge  alloys  for  power 
generation;  however,  among  the  metallie  alloys,  it  is  no  doubt  that 
TiNiSn  has  the  highest  Seebeck  coefficient  so  far. 

With  regard  to  the  crystal  structure  of  the  well  annealed 
TiNiSn  intermetallic  compound,  the  X-ray  diffraction  experiment 
of  Jcitschko  (4 1  demonstrated  it  has  the  MgAgAs  type  structure. 
This  structure  can  be  described  as  three  interpenetrating  fc.c. 
sublattices  occupied  respectively  by  Ti,  Ni,  Sn  atoms  at  coordinates 
(000),  (1/4  1/4  1/4)  and  (3/4  3/4  3/4).  As  to  the  microstructure 
study  on  the  arc-melted  TiNiSn  alloy,  no  report  has  been  found  so 
far.  Because  of  the  significance  to  a  comprehensive  understanding 
of  the  properties  of  the  alloy,  and  because  of  the  scarcity  of  detailed 
microstructural  information  about  the  temaiy  TiNiSn  alloy  system, 
a  TEM  analysis  of  the  microstructure  and  microchemistry  of  the 
TiNiSn  alloy  is  presented  in  this  paper. 

2.  Experiment  Procedure 

Titanium,  nickel  and  tin  of  purity  99.99%  were  arc  melted  in  the 
argon  atmosphere  to  make  alloys.  The  elemental  material  was 
placed  in  a  copper  receptacle  which  is  cold.  The  electrode,  which  is 
tungsten,  was  cleaned  just  before  using  by  directing  the  arc  to  a 
high  melting  point  metal  for  a  suitable  time.  Then  the  arc  was 
moved  to  the  elemental  material  to  be  melted.  The  alloy  ingot  was 
turned  over  or  crushed,  and  reloaded  for  the  second  melting.  This 


process  was  repeated  a  few  times  to  achieve  homogeneity  of  the 
alloy  concentration.  At  the  last  melting,  a  long  ingot  of  semi- 
cylindrical  shape  was  obtained.  A  resistivity  profile  along  the  ingot 
length  was  measured  to  determine  uniformity  of  the  composition. 

A  piece  of  the  final  alloy  was  crushed  to  a  fine  powder  in  an 
alumina  mortar  by  a  pestle  in  order  to  collect  X-ray  diffraction 
spectra.  The  X-  ray  wavelength  is  CuK„,  0.15406  nm.  A  continuous 
scanning  rate  of  3  degree  per  minute  was  used. 

Additional  characterization  of  the  microstructure  was 
accomplished  by  transmission  electron  microscopy.  A  conventional 
method  was  used  to  prepare  samples  for  TEM  observation.  A  disc 
of  diameter  3  mm  was  cut  ultrasonically  from  a  slice  of  thickness 
about  500  pm.  The  disc  was  mechanically  polished  on  sic  paper  to 
thickness  around  150  pm.  A  dimpler  machine  was  used  to  thin  the 
central  area  of  the  disc  to  the  thickness  of  about  15-20pm.  Then  the 
disc  was  finally  thinned  to  electron  transparency  by  using  a  Gatan 
ion  milling  apparatus. 

The  arc  melted  TiNiSn  alloy  was  encapsulated  in  an  evacuated 
quartz  ampoule.  Because  of  the  chemical  reactivity  of  Ti  with  the 
quartz  wall  at  high  temperature,  an  alumina  container  was  used  for 
isolating  samples.  Then  the  alloy  was  annealed  at  800±10°C  for 
various  periods  of  time.  Due  to  the  brittleness  of  the  alloys, 
quenching  was  avoided  after  annealing  to  reduce  cracking  from 
thermal  shock.  The  annealed  sample  was  cooled  slowly  from  the 
annealing  temperature  inside  the  furnace  by  shutting  off  the  power 
and  self  cooling  the  system  in  its  ambient  temperature.  The  X-ray 
diffraction  patterns  of  quenched  samples  and  slowly  cooled  samples 
were  compared.  No  obvious  differences  were  found.  This  indicates 
that  the  final  phases  present  in  the  alloy  do  not  significantly  change 
during  the  slow  cooling  process. 

3.  Experimenta!  Results  and  Analysis 

3. 1,  X-ray  diffraction  analysis  of  the  arc-melted  alloy. 

Fig.  1  shows  an  X-ray  diffraction  result  of  the  arc-melted  alloy 
in  powder  form.  Three  phases  have  been  identified  in  this  alloy,  and 
the  diffraction  peaks  from  these  phases  can  be  indexed  consistently. 
The  experimental  d-spacings  and  corresponding  indices  are  labeled 
on  the  X-ray  diffraction  peaks  also.  Among  the  identified  phases, 
the  first  phase,  whose  indices  are  labeled  as  (hkl)i,  has  an  fc.c. 
structure  with  lattice  parameter  ap  0.5941  +  0.0002  nm,  which  is 
consistent  with  the  data  of  the  well  annealed  stoichiometric 
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compound  TiNiSn  as  reported  by  Jcitschko[4];  The  second  phase, 
whose  indices  arc  labeled  as  (hkOn,  has  the  same  npe  of  crv'Stal 
structure  as  the  first  phase,  but  with  a  slightly  different  lattice 
parameter.  The  similarity  of  the  cr>'stai  structure  between  these  two 
phases  is  clearly  demonstrated  by  two  sets  of  strong  side-by-side 
peaks  on  the  pattern.  The  lattice  parameter  of  the  second  phase  has 
been  determined  to  be  an  =  0.6062  ±  0.0002  nm,  which  is  slightly 
smaller  than  that  of  the  stoichiometric  compound  TiNi;Sn  reported 
as  0.6091  ±  0.0001  nm  by  Kripyakevich  and  Markiv[5].  The  third 
phase  is  a  minor  phase  which  was  not  observed  by  Aliev  et  al.  [1,2], 
and  can  be  identified  as  the  intermetallic  compound  Ti^Sns.  The 
crystal  structure  of  Ti6Sn5  was  studied  by  Piatrokowsky  and  Frink 
[6]  in  1937,  as  well  as  Van  Vucht  et  al.[71  in  1964,  employing  the 


method  of  X-rav  diffraction.  It  has  a  hexagonal  structure,  space 
group  P63/mmc  (No  194),  with  lattice  parameter  a=0,922  nm  and 
c=0.569  nm.  The  X-ray  diffraction  peaks  of  this  phase  are  labeled 
in  Fig.  1  by  the  indices  unique  to  the  hexagonal  system. 

However,  there  still  exist  some  weak  diffraction  peaks 
indicated  by  arrows  on  the  X-ray  peaks  of  Fig.l,  whose  phase 
structure  could  not  be  identified  because  of  its  complexity  and 
limited  completeness  of  the  Ti-Ni-Sn  phase  diagram  database.  It 
should  be  pointed  out  here  that  these  unknown  peaks  disappear 
after  about  20  hours  of  annealing  at  800°C,  but  the  peaks  belonging 
to  the  phase  TigSns  still  have  a  large  intensity  after  this  annealing. 
Further  studies  in  this  alloy  system  are  required  to  determine  the 
ciy'stal  structure  of  the  arrowed  peaks. 


2  Theta  (degree) 


Fig.l,  X-  ray  diffraction  from  a  powder  sample  of  arc  melted  TiNiSn  alloy,  performed  on  a  Scintag 
diffractometer  apparatus  using  CuK^  radiation 


Fig.2,  (a)  Bright  field  electron  micrograph  of  the  mottled  structure  observed  in  arc  melted  TiNiSn  alloy.  The 
'  orientation  of  the  foil  is  B  -[Oil]  in  a  two  beam  condition  g  =  [200],  (b)  [001]  zone  axis  selected 
area  diffraction  (SAD)  pattern  from  the  mottled  structure  shown  in  (a).  Note  the  microsegrsgation 
results  in  two  f.c.c.  cubic  phases  (i.e.  doubling  of  the  diffraction  spots) 
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Fig. 3,  Bright  field  electron  micrographs  of  the  basket  weave  structures  observed  in  arc  melting  TiNiSn  alloy, 
g  =[200]  and  B  ~  [001],  and  a  [001]  zone  axis  SAD  pattern  from  this  structure 


3.2.  Micro.sinicture  analysis  of  the  arc-melted  alloy  by  TEKi. 

Although  the  microstructure  of  the  alloy  after  arc-mclting  has 

been  found  lo  be  microscopically  non  uniform  and  varies  in 
morphology  from  one  location  to  another  depending  on  the  kinetics 
of  solidification,  nevertheless,  basically  two  morphologies  can  be 
classified.  One  is  a  mottled  domain  structure  with  a  typical  electron 
micrograph  shown  in  Fig.  2  (a).  The  other  is  a  so-called  basket 
weave  structure,  representatively  shown  in  Fig.  3,  where  two  types 
of  basket  weave  morphologies  are  exhibited.  A  similar  striated 
basket  weave  stniciiirc  had  been  also  reported  in  Ni-AI-Ti  alloy  by 
Yang  et  al.|8|  and  in  beta  brass  by  Kubo  and  Wayman[9].  The 
basket  wcas  c  contrast  is  typical  of  a  two  phase  structure  resulting 
from  spinodal  decomposition.  It  is  worth  pointing  out  that  no  large 
differences  in  overall  concentration  have  been  found  between  the 
two  areas  exhibiting  the  two  types  of  basket  weave  stnicturc.  The 
composition  analysis  was  performed  by  TEM/EDS  (X-ray  energy 
dispersi\'c  spectroscopy)  and  a  quantitative  processing  program  for 
thin  films. 

3.3.  Selected  area  diffraction  analysis  of  the  mottled  structure. 

The  motilcd  structure  and  the  basket  weave  stnicturc  yield 

different  selected  area  diffraction  (SAD)  patterns.  The  [001]  zone 
axis  SAD  pattern  from  the  area  exhibiting  a  mottled  stnicturc  is 
shown  in  Fig.  2  (b).  Careful  e.xamination  of  this  pattern  reveals  two 
superimposed  diffraction  patterns  with  the  low  index  spots  almost 
overlapped,  but  the  high  index  spots  discriminated  as  double.  The 
SAD  pattern  from  the  area  containing  mottled  contrast  can  be 
readily  explained  by  the  two  major  fc.c.  phases  identified  by  X-ray 
diffraction  in  the  previous  section.  These  two  phases  have  lattice 
parameters  which  differ  by  only  about  1.7%.  The  characteristics  of 
the  image  and  the  SAD  pattern  tell  us  that  in  this  region  these  two 
fc.c.  phases  have  a  microsegregation  structure  so  that  one  of  the 
phases  has  a  different  composition  from  the  other  phase  consistent 
with  the  light  and  dark  contrast. 

3. 4.  Selected  area  diffraction  analysis  of  the  basket  weave  structure 

The  basket  weave  structure  gives  rise  to  much  more 

complicated  SAD  pattern  shown  in  Fig3  (a).  It  is  interesting  and 
worth  noting  that  there  exist  cross,  well  defined  streaks  associated 


with  the  strong  spots,  and  continuous  diffuse  streaks  cormecting  the 
weak  spots  to  the  strong  spots.  Also  it  has  been  found  that  the 
intensity  of  the  weak  spots  depends  on  the  delicate  variation  of  the 
basket  weave  structure.  One  finds  that  the  lenticular  basket  w'eave 
structure  gives  the  strongest  intensity  to  the  weak  spots.  The  crystal 
structure  corresponding  to  the  set  of  strong  spots  is  an  fc.c. 
structure  with  lattice  parameter  close  to  that  of  either  TiNiSn  or  the 
intermetallic  compound  TiNi2Sn.  The  periodicity  analysis  makes 
out  that  the  weak  reflections  consist  of  fundamental  spots  and 
double  diffraction  spots  by  the  strong  reflection  beams  of  the 
matrix.  With  respect  to  the  X-ray  spectra  of  the  arc  melted  alloy,  it 
is  reasonable  to  consider  that  a  minor  phase  TieSns  gives  rise  to  the 
reflections  of  weak  spots. 


o  o  o  o  o 


o  o  o  o  o 


Fig. 4,  Schematic  illustrations  of  the  crystal  structure  analysis 
of  a  [001]  SAD  patterns,  the  small  open  circles 
denote  weak  diffraction  from  the  minor  phase  TigSns 
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Analysis  of  the  [001]  zone  axis  pattern  of  the  cubic  matrix  is 
illustrated  in  Fig. 4,  where  the  big  open  circles  stand  for  the  strong 
diffraction  spots  of  the  matrix  and  the  small  open  circles  for  the 
weak  spots  of  the  minor  phase.  The  spots  connected  by  a  solid 
straight  line  through  the  transmitted  beam  are  corresponding  to 
the  fundamental  diffraction  spots  of  a  minor  phase,  and  the  spots 
attached  to  the  dashed  straight  line  passing  through  the  diffraction 
beams  apparently  arise  by  double  diffraction.  As  the  weak  spots, 
presumed  to  arise  from  the  minor  phase  TsSn,  are  only  present  as  ± 
a  single  g-vcctor.  it  is  difficult  to  add  further  analysis  to  the  SAD 
pattern. 

3.5,  Discussion  on  the  streaks  and  the  morphology  of  the  minor 

phase. 

Now  let  us  take  a  look  at  the  streaks  exhibited  on  both 
<001>dircctions  of  the  matrix  and  weak  spots  presumed  to  arise 
from  the  minor  phase.  The  streaks  on  the  matrix  spots  are  attributed 
to  the  spinodal  structure,  i.e.,  the  modulation  of  the  concentration 
and  lattice  parameter  in  the  {001}  direction  of  the  f.c.c.  matrix. 
Based  on  the  strucniral  similarity'  of  the  TiNi2Sn  compound 


Fig.Ci,  Bright  field  electron  nnicrogragh  of  TiNiSn  alloy 
annealed  for  5  hours  at  800  °C 


(  MnCu2Al  type  structure  )  to  the  TiNiSn  compound  (MgAgAs  type 
structure),  the  composition  modulation  of  the  matrix  is  thought  to 
be  caused  by  the  varied  occupation  percentage  of  nickel  atoms  at 
position  coordinate  (1/2,  1/2,  1/2).  Regarding  the  diffuse  continuous 
streaks  on  the  wealc  spots,  no  satisfactory  explanation  has  been 
made  yet.  As  to  the  morphology  of  the  minor  phase,  the  contrast 
inside  the  dark  thick  striations,  demonstrated  in  Fig.3  (a),  suggests 
that  the  presence  of  the  small  particles  of  the  minor  phase  is 
associated  with  a  relatively  large  nickel-rich  region.  The  striations 
w'ith  dark  contrast  is  thought  to  be  the  nickel-rich  region,  because 
the  small  vacancy  occupancy  to  the  MnCu2Al  lattice  position  gives 
rise  to  a  large  structure  factor  of  scattering  to  the  incident  electron 
beam,  and  therefore,  the  bright  field  image  should  show  dark 
contrast  for  that  region. 

3.6,  Annealing  effect  on  the  microstructure  of  arc  melted  alloy 
(1)  Alloy  annealed  at  800°C  for  5  hours 

Fig.  5  shows  a  typical  morphology  of  the  arc-melted  TiNiSn 
alloy  annealed  at  temperature  800°C  for  ,5  hours.  It  is  clearly  a  two 
phase  structure  with  a  metastable  phase  in  the  matrix.  The 


Fig. 7,  Bright  field  electron  microgragh  of  TiNiSn  alloy 

annealed  for  4  weeks  at  800  °C,  g=[200]  B~[012] 


Fig. 6,  (a)  Bright  field  electron  microgragh  of  TiNiSn  alloy  annealed  for  24  hours  at  800  °C,  (b)  Magnified  bright 
field  electron  micrograph  showing  the  structure  of  the  minor  nanophase  in  the  matrix,  g=[220]  B— [001] 
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mctastablc  phase  has  its  composition  and  crystal  structure  close  to 
TiNiiSn.  The  matrix  corresponds  to  the  structure  of  stoichiometric 
intermctallic  compound  TiNiSn.  Although  the  metastable  phase 
and  matrix  have  related  crystal  structures,  lattice  mismatch  and  a 
difference  of  atomic  ordering  sequence  exist  at  the  phase  boundary. 
Interface  defects  could  include  misfit  dislocation  (MD),  interfacial 
step  (IS)  and  antiphase  stacking.  Depending  on  the  foil  orientation 
and  dilTraction  contrast  conditions,  the  corre.sponding  features  of 
the  electron  micrograph  might  consist  of  misfit  dislocation  lines,  IS 
images  (very  similar  to  the  image  of  dislocations),  thickness 
fringes,  moire  fringes  caused  by  slight  differences  of  lattice 
parameter,  and  antiphase  boundary  (APB)  contrast.  A  detail 
analysis  of  these  defects  requires  film  tilting  experiments  and  also 
image  simulation.  Because  of  its  complexity,  no  further  discussion 
will  be  made  here, 

(2)  Alloy  annealed  at  800“C  for  24  hours 

Fig.  6  (a)  shows  an  electron  micrograph  of  the  arc  melting 
TiNiSn  alloy  annealed  at  800°C  for  24  hours.  The  mctastablc  cubic 
phase  of  round  shape  can  still  be  readily  found.  But  the  volume 
fraction  of  this  phase  is  much  smaller  than  that  in  the  alloy 
annealed  for  5  hours.  A  high  magnified  image  of  the  fine  structure 
of  the  matrix  is  shown  in  Fig.  6  (b).  A  high  density  of  nanoscale 
particles  is  observed.  The  SAD  pattern  from  this  area  exhibits  a  set 
of  weak  spots  whose  positions  and  features  are  similar  to  the 
illustration  of  the  weak  spots  of  Fig. 4.  Presumably,  this 

nanoscalc  phase  is  TifiSns  compound.  X-ray  diffraction  analysis  of 
the  annealed  alloy  gives  evidence  supporting  this  result.  The  fact 
that  the  Ti6Sn5  phase  remains  in  the  area  where  the  metallic  cubic 
phase  TiNijSn  disappears  indicates  that  the  minor  phase  TieSns  in 
the  arc  melted  alloy  is  more  thermally  stable  than  the  major  cubic 
phase  TiNi;Sn  which  transformed  to  the  stable  cubic  phase  TiNiSn. 

(3)  Alloy  annealed  at  800°C  for  4  weeks 

Fig.7  shows  an  electron  microgragh  of  the  arc  melted  alloy 
annealed  for  4  weeks.  A  uniform  TiNiSn  phase  is  exhibited  in  this 
alloy.  Near  grain  boundaries,  dislocation  networks  can  be  readily 
found.  The  SAD  pattern  of  this  alloy  shows  a  single  diffraction 
pattern  of  the  f  c.  c.  cubic  stnicture.  As  the  annealing  time 
increases,  the  dislocation  network  eventually  disappears,  while  low 
angle  grain  boundaries  aceommodated  by  dislocations  are  readily 
observed.  Finally,  it  is  worth  pointing  out  that  long  time  annealing 
causes  loss  of  low  melting  point  component  Sn.  The  loss  of  Sn 
causes  the  average  concentration  of  the  alloy  to  deviate  from  the 
stoiehiometric  ratio.  Also  seen  in  Fig.  7  is  a  fine  distribution  of 
nanoscale  precipitate  particles  which  occupy  a  very  small  volume 
fraction  of  the  sample.  These  precipitates  formed  after  a  loss  of  Sn 
from  the  sample  and  upon  further  annealing  coarsened  to  a  cubic 
phase  with  a  lattice  parameter  close  to  that  of  the  TiNi2Sn  structure. 

It  is  also  found  that  over-annealing  causes  a  degradation  of 
thermoelectric  properties  partially  due  to  the  loss  of  Sn  from  the 
alloys. 


4.  Conclusions 

1.  Three  phases  are  identified  in  arc  melted  TiNiSn  thermoelectric 
alloy.  Two  of  them  have  fc.c.  structure.  One  cubic  phase  is 
intermctallic  compound  TiNiSn;  while  another  cubic  phase  has 
lattice  constant  slightly  smaller  than  that  of  equilibrium 
intermctallic  compound  TiNijSn.  A  third  and  minor  phase  is 
TisSns,  which  is  observed  to  be  associated  with  the  Ni-rich  cubic 
phase,  TiNi2Sn. 

2.  Two  typical  microstructure  morphologies  of  arc  melted  alloy  are 
revealed:  one  is  a  mottled  structure;  another  is  the  basket  weave 
spinodal  structure.  The  latter  is  thermally  unstable  during 
annealing  and  changes  to  a  two  phase  segregation  structure.  It  is 
also  found  that  particles  of  the  minor  phase  TisSns  still  remain  in 
the  matrix  after  the  mctastable  cubic  phase  TiNijSn  has 
transformed  during  annealing  to  TiNiSn. 

3.  A  uniform  structure  of  intermctallic  compound  TiNiSn  can  be 
achieved  by  suitable  annealing  at  a  temperature  of  800  °C. 
However,  over  annealing  may  cause  the  loss  of  low  melting  point 
component  Sn. 
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Prospects  of  Vcarious  thermoelectric  use  in  thermoelectric  generators 

M. I. Fedorov,  E. A. Gurieva,  L.V.Prokof’eva,  V.K. Zaitsev 

A.F.  Ioffe  Physical-'J'erhntcal  Institute,  St. Petersburg,  Russia. 


The  results  of  study  of  temperature  dependencies  of  thermoelectric  parameters  of  some  thermoeiectrics  based  on  lead  sulphide  and 
lead  selenide  and  some  silicon  based  thermoeiectrics  are  presented.  The  results  of  calculation  of  a  number  thermoelectric  batteries 
are  presented  either.  The  conclusions  of  various  thermoeiectrics  use  prospects  are  discussed  on  the  base  of  presented  results. 


Introduction 

There  are  a  few  perspective  areas  of  thermoelectric  generator 
use.  These  are  far  space  missions,  electric  energy  supply  units 
for  remote  regions,  waste  heat  use  and  some  others.  If  dis¬ 
cuss  only  earth  problems  a  number  of  thermoeiectrics  can  be 
used  in  such  generators.  These  are  materials  based  on  bismuth 
and  antimony  chalcogenides  solid  solutions,  lead,  tin  and  ger¬ 
manium  chalcogenides,  transition  metal  silicides,  magnesium 
compounds  with  IV  group  elements  and  some  other. 

There  are  two  groups  among  these  materials:  materials 
working  at  temperature  below  600K  and  below  1000  K.  Solid 
solutions  based  on  bismuth  and  antimony  chalcogenides  com¬ 
pose  the  first  group.  Other  mentioned  materials  compose  an¬ 
other  group.  In  the  second,  group  germanium  compounds  take 
special  place  because  of  germanium  high  cost.  We  shall  not 
discuss  them  here.  This  report  is  a  short  review  of  results  of  a 
few  thermoeiectrics  study  fulfilled  in  the  laboratory  of  physics 
of  thermoelements  of  Ioffe  Physical-technical  Institute. 

When  there  is  a  problem  of  thermoelectric  generator  design¬ 
ing  first  of  all  it  is  necessary  to  choice  best  couple  of  thermo¬ 
eiectrics.  If  one  wants  to  calculate  thermoelectric  battery  he 
should  know  temperature  dependencies  of  three  thermoelectric 
parameters:  electrical  conductivity,  thermopower  and  thermal 
conductivity.  Usually  even  in  a  handbook  (see  for  example  [1]) 
it  is  possible  to  find  out  only  temperature  dependence  of  figure 
of  merit  of  some  material  and  probably  there  is  a  temperature 
dependence  of  one  of  thermoelectric  parameters  measured  on 
other  sample  in  other  laboratory. 

Thermoelectric  parameters  of  lead  chalco¬ 
genides 

Since  ’’ancient”  times  lead  telluride  has  been  the  most  efficient 
thermoelectric  among  the  thermoeiectrics  working  at  temper¬ 
ature  below  lOOOK  [2].  Its  properties  are  studied  well,  there 
are  many  thermoelectric  devices  using  lead  telluride.  Figures 
1  and  2  show  temperature  dependencies  of  lead  telluride  ther¬ 
moelectric  parameters  at  various  carrier  concentration  for  n- 
and  p-type  material. 

There  was  no  consequent  study  of  other  lead  chalcogenides 
-  PbSe  and  PbS  before  because  of  their  low  figure  of  merit. 
But  these  materials  have  higher  melting  point  [2]  and  can  be 
used  at  higher  temperatures.  Figure  3  and  4  show  temperature 
dependencies  of  lead  selenide  thermoelectric  parameters  and 
figure  5  and  6  those  of  lead  sulphide. 

Samples  for  measurements  were  made  by  hot  pressing.  VII 
and  I  group  elements  were  used  as  dopants  for  n-  and  p-type 
materials  production.  Thermoelectric  parameters  were  mea¬ 
sured  by  stationary  absolute  method.  The  authors  paid  much 


attention  to  thermal  conductivity  measurements  because  of 
great  variety  of  different  author’s  data.  The  data  described 
are  the  results  of  comparison  of  measurements  of  many  groups 
of  similar  materials.  The  comparison  of  figures  1  and  3  and 
then  2  and  4  shows  that  in  lead  selenide  intrinsic  conductivity 
influence  begins  at  temperature  50-100  K  higher  than  in  tel¬ 
luride  sample  of  the  same  carrier  concentration.  Lead  sulphide 
has  the  largest  energy  gap  in  the  row  of  lead  chalcogenides  and 
that  results  in  increase  of  optimal  carrier  concentration. 

Thermoelectric  parameters  of  some  silicides 

There  is  another  group  of  materials  for  temperature  region  be¬ 
low  1000  K.  Higher  manganese  silicide  (HMS  -  MnSii,7i-i.75 - 
p-type,  and  solid  solutions  based  on  =  Si,  Ge,  Sn) 

-  n-type)  compounds,  These  materials  are  the  most  effective 
ones  among  the  non-chalcogenide  materials  [3,  4],  The  tem¬ 
perature  dependencies  of  parameters  of  two  thermoeiectrics 
based  on  HMS  and  solid  solution  Mg2Sio.7Sno.3  are  shown  on 
the  figures  8-9.  Temperature  dependencies  of  CoSi  (n-type) 
thermoelectric  parameters  are  shown  on  these  figures  either. 

The  samples  for  measurement  were  prepared  mostly  by  vac¬ 
uum  casting  method  and  some  of  them  by  directed  crystal¬ 
lization  (Bridgeman  method)  Thermoelectric  parameters  were 
measured  by  the  same  method  as  for  lead  chalcogehide  mate¬ 
rials. 

Calculation  of  parameters  of  thermoelectric 
modules 

On  the  base  of  the  measured  data  we  calculated  coefficient  of 
performance  of  thermoelectric  modules  from  different  thermo¬ 
eiectrics.  A  module  of  4  mm  in  height  and  2  mm  in  width  was 
used  as  a  base  for  calculation.  P-leg  thickness  was  2  mm  and 
that  of  n-leg  was  calculated  using  the  formula: 

V 

The  obtained  thickness  was  rounded  to  tenth  of  millimeter. 

Parameters  of  modules  were  calculated  using  the  following 
formulas: 

W 


W  =  PRt 


Q  =  Ki  ■  {Th  —  T'c)  —  0.57^i?i  -t-  latTh 

1  -  {Th  -  Tc) 

■2Rt 
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Figure  5:  Thermoelectric  parameters  of  n-type  PbS. 
n(cm-3)  =  1  7,3  .  2  -  1.1  •  10^° 
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Figure  6:  Thermoelectric  parameters  of  p-type  PbS. 

p  =  7.3-10'®cm-3 


Figure  7:  Temperature  dependencies  of  electrical  conductivity 
for  some  silicon  based  materials. 

1  -  HMS  (optimized);  2  -HMS  <  Ge  >;  3  -  Mg2Sio  ySno  3;  4  - 
CoSi 


Figure  8:  Temperature  dependencies  of  thermopower  for  some 
silicon  based  materials.  The  symbols  are  the  same  as  at  fig. 7 


Figure  9:  Temperature  dependencies  of  thermal  conductivity 
for  some  silicon  based  materials.  The  symbols  are  the  same  as 
at  fig.  7. 
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1:  Thermoelectric  parameters  of  n-type  PbTe. 
=  1  -  1  ■  10i®;2-  2  ■  10'^3-  3.5  10^® 
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Figure  2:  Thermoelectric  parameters  of  p-type  PbTe, 

p  =  2- 
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Figure  3:  Thermoelectric  parameters  of  n-type  PbSe, 
=  1  -  1  •  10^®;2-  2  ■  10'®;3-  3.5-  10^® 
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Figure  4:  Thermoelrxtric  parameters  of  p-type  PbSe, 

p(cm-3)  =  1  -  7  •  10^®;  2  -  2,8  •  10®°;  3  -  4.5  ■  10®° 
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Rt  =  (l/dnCTn  +  l/dp(fp)l/h  +  2  '[  + 


^  {Pmh  "i“  Pmc'jiidji  dp')  *■  0.6  di) 

hdjji 


at  -  Op  -  an 

Kt  =  {Kndn  +  Kpdp  +  Kidi)h/l 
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coefficient  of  performance  (CoP) 
electrical  power 

current  of  heat  through  thermocouple 

electrical  current  through  thermocouple 

electrical  resistance  of  thermocouple 

junction  temperature 

thermopower 

thermal  conductivity 

electrical  conductivity 

height  of  thermocouple 

width  of  thermocouple 

thickness  of  legs,  contact  metal  plate 

insulating  layer 

resistivity  of  transition  layer 

between  metal  and  semiconductor 

specific  resistance  of  contact  metal  plate 

means  average  value  of  a  in  the  range  Th  -  Tc 


Table  1:  Parameters  of  various  thermoelectric  modules 


material 

n-leg  1  p-leg 

W, 

mW 

V, 

% 

Sn/Sp 

VV/m, 

W/g 

working  range  350  -  600 

K 

Bi2(TeSe)3 

(BiSbjsTea 

75.6 

7.6 

1 

0.24 

PbTei  “ 

PbTe 

71.1 

5.9 

1 

0.21 

PbSei 

PbSei 

40.1 

4.0 

1 

0.12 

PbS' 

PbS 

14.5 

1.5 

0.5 

0.07 

Mg2(SiSn) 

HMS 

45.1 

4.2 

0.7 

0.32 

CoSi 

HMS 

34.3 

3.1 

0.15 

0.23 

Kopei 

HMS 

30.2 

3.1 

0.06 

0.30 

working  range  35( 

)-  900 

K 

PbTe^ 

PbTe 

293 

12.4 

1 

0.86 

PbSe^ 

PbSei 

176 

8.7 

1 

0.52 

PbSe^ 

PbTe 

295 

13.1 

1 

0.87 

PbS^ 

PbTe 

227 

10.3 

0.65 

1.03 

working  range  350 

-  1000  K 

PbS’^ 

PbS 

126 

6.2 

0.5 

0.63 

Mg2(SiSn) 

HMS 

329 

11.3 

0.7 

2.36 

CoSi 

HMS 

232 

7.6 

0.15 

1.55 

Kopei 

HMS 

226 

7.4 

0.06 

2.26 

“A  number  near  chemical  formula  means  the  number  of 
curve  from  the  corresponding  figure 


Hot  junction  temperature,  K 


indexes  mean  t  - 
n  - 

P  - 
i  - 
m  - 
1  - 
h  - 
c  - 


thermocouple; 

n-leg; 

P-ieg; 

insulator; 

contact  (metal)  plate; 
transition  layer; 
hot  junction; 
cold  junction. 


The  coefficient  of  performance  of  such  a  module  was  calcu¬ 
lated  for  temperature  range  350-600  K  to  compare  a  possibility 
of  using  such  materials  instead  of  materials  based  on  bismuth 
telluride  and  at  highest  hot  junction  temperature  for  this  cou¬ 
ple  of  materials.  The  coefficient  of  performance  of  module 
using  Bi2(TeSe)3  and  (BiSb)2Te3  was  calculated  either.  The 
data  for  calculation  were  kindly  presented  by  V.A.Kutasov. 

Figure  10  shows  dependencies  of  CoP  of  such  modules  on 
cold  junction  temperature  when  that  of  hot  junction  is  900K 
for  lead  telluride  and  lead  selenide  and  1000  K  for  other  ma¬ 
terials.  CoP  for  maximum  temperature  range  and  for  temper¬ 
ature  range  350  -  600  K  are  shown  in  the  table.  The  values 
of  electrical  power  and  leg  cross-sections  ratio  for  each  module 
are  presented  either.  In  the  last  column  parameter  of  specific 
electrical  power  is  presented.  It  shows  electrical  power  that 
can  be  produced  by  1  gram  of  thermoelectric  materials. 
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-  PbTe  (1) 
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-  PbTe  (2) 

IV 
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-  PbSe  (1) 
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▼ 

-  PbSe  (2) 

▲  - 
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■ 

-  PbS 

♦  -  (Bi,Sb)2Te3dByTe,Se)3 


As  the  table  shows  in  the  temperature  range  350  -  600  K  the 
only  material  which  has  CoP  close  to  that  of  bismuth  tel¬ 
luride  based  material  is  lead  telluride  but  it  has  no  advantages  Figure  10:  CoP  dependencies  of  reviewed  materials  on  cold 
in  comparison  with  bismuth  telluride.  The  pair  Mg2(SiSn)  junction  temperature  and  CoP  dependence  of  Bi2(TeSe)3  — 

and  HMS  has  better  mechanical  properties  and  much  cheaper.  (BiSb)2Te3  couple  on  hot  junction  temperature 

Thus  it  can  be  used  instead  of  bismuth  telluride  based  material 
in  some  devices. 


When  full  temperature  interval  of  thermoelectric  is  used  the 
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pair  lead  telluride  -  lead  selenide  allows  to  obtain  maximum 
coefficient  of  performance  and  the  lead  telluride  pair  is  a  little 
bit  worse.  The  substitution  of  n-type  lead  selenide  or  lead 
telluride  by  lead  sulphide  results  in  decrease  of  CoP  but  in 
increase  of  specific  electric  power. 

The  silicide  pair  (Mg2(SiSn)  -  HMS)  has  a  lower  CoP  than 
lead  telluride  pair,  however,  one  should  take  into  account  that 
thermoelectrics  based  on  lead  chalcogenides  must  be  protected 
against  oxidization  and  sublimation.  This  factor  can  dimin¬ 
ish  difference  between  lead  chalcogenide  couples  and  the  HMS 

Mg2(SiSn)  couple.  Our  forecasting  calculation  shows  that 
tnermoelectric  parameters  of  Mg2(SiSn)  can  be  drastically  im¬ 
proved  by  addition  of  small  quantity  of  germanium.  Thermo¬ 
couples  HMS-Kopel  and  in  particular  HMS  -  Mg2(SiSn)  have 
the  highest  values  of  specific  electric  power  and  can  be  used 
preferably  when  mass  of  thermoelectric  should  be  diminished. 

Other  couples  have  close  values  of  CoP  and  in  this  case 
other  factors,  for  example,  price,  mass  of  module,  mechanical 
and  chemical  strength,  thermal  expansion  coefficient  and  sorne 
other  should  be  taken  into  account  when  generator  designing. 

The  item  of  interest  is  creation  of  two-stage  generator  with 
low  temperature  stage  made  from  material  based  on  Bi2Te3 
solid  solutions.  The  figure  10  shows  that  CoP  of  such  a  gen¬ 
erator  can  achieve  18%  when  high  temperature  stage  is  made 
of  lead  chalcogenides  and  16%  with  silicide  high  temperature 
stage.  The  hot  junction  temperature  of  low  temperature  stage 
can  be  lowered  without  CoP  decrease.  This  lowering  can  im¬ 
prove  the  reliability  of  such  a  generator  and  increa,se  its  life¬ 
time. 
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THERMOPOWER  AND  ELECTRICAL  RESISTIVITY  OF  (3  -FeSi2  SINGLE  CRYSTALS 

DOPED  WITH  Cr,  Co  AND  Mn 

A.Heinrich'  ,  C.Gladun' ,  A.Burkov^,  Y.Tomm^,  S.Brehme^  and  H.Lange^ 

'  Institut  fiir  Festkorper-  und  Werkstofforschung  Dresden  e.  V.,  D-0I171  Dresden,  Germany 
^  A.F.Ioffe  Physico-Technical  Institute,  St.  Petersburg,  194021  Russia 
^  Hahn-Meitner-Institut  Berlin  GmbH,  D- 12489  Berlin,  Germany 

Single  crystals  of  P-FeSij  were  grown  by  chemical  transport  reaction  using  iodine  as  transport  agent. 
As  doping  elements  Cr,  Co  and  Mn  were  used.  Resistivity,  Hall  effect  and  thermopower  of  the  samples 
have  been  investigated  in  a  -wide  temperature  range  between  20K  and  1050K.  The  thermopower 
measurements  have  shown  that  Cr  and  Mn  yield  p-type  crystals,  Co  n-type  crystals.  All  investigated 
transport  parameters  show  characteristic  changes  of  their  temperature  dependence  in  the  same 
temperature  ranges.  It  was  concluded  that  at  low  temperatures  conduction  takes  place  mainly  -within  an 
impurity  band  and  at  higher  temperatures  mainly  in  the  conduction  (valence)  band.  The  change  between 


these  two  regimes  is  rather  sharp  and  seems  to  be 
impurity  state  was  found  below  the  impurity  band. 

Introduction 

Within  the  group  of  semiconducting  sihcides  the 
compound  P-FeSi2  is  one  of  the  most  promising 
thermoelectric  material  for  high  temperature  apphcation 
[1-3].  By  appropriate  doping  both  n-type  and  p-type 
compounds  were  obtained  and  many  efforts  have  been 
made  to  get  a  high  thermoelectric  figure  of  merit 
Z=S  /(pxK)  in  a  broad  temperature  range  (S,  p  and  k 
are  thermopower,  electrical  resistivity  and  thermal 
conductivity,  respectively).  The  common  way  to 
achieve  high  values  of  Z  is  the  variation  of  kind  and 
degree  of  doping  [1-7]  and  the  optimization  of  the 
preparation  technology,  see  e.g.  [5,8].  Both  bulk 
material  [1-5]  and  thin  films  [6-9]  have  been 
investigated.  It  is  now  well  established  that  doping  with 
transition  metals  from  the  right  side  of  Fe  in  the 
periodic  table  like  Co  and  Ni  yield  n-type  P-FeSL  and 
doping  by  transition  metals  from  the  left  like  Cr  and  Mn 
p-type  material.  But  also  other  doping  elements  have 
been  used,  e.g.  A1  for  p-type  [1,10]  and  B  for  n-type 
material  [11],  In  [12]  it  was  shown  that  also  oxygen 
can  give  a  strong  increase  of  the  thermoelectric 
efliciency  Z. 

In  many  cases  the  influence  of  doping  on  the 
thermoelectric  properties  of  |3-FeSi2  depends  strongly 
on  the  preparation  technology.  This  is  especially  vahd 
for  ceramic  material.  Often  it  is  not  possible  to  seperate 
the  influence  of  technology  and  of  doping.  Also 
deviations  fi^om  stoichiometry  can  occur  which  can 


a  general  feature  of  doped  P-FeSi^.  An  additional 

have  an  additional  doping  effect  or  can  lead  to 
precipitations  of  a  second  phase.  Therefore,  the 
microscopic  understanding  of  the  doping  and  transport 
mechanisms  is  far  fi-om  complete  and  the  possible 
improvement  of  Z  by  optimal  doping  is  not  yet  toown. 

The  aim  of  this  paper  is  to  contribute  to  the 
understanding  of  the  doping  of  p-FeSi2  with  transition 
metals  by  investigating  single  crystals.  The  chosen 
doping  elements  are  Cr,  Mn,  Co  and  Ni.  In  this  paper 
first  results  are  presented  about  the  thermopower  and 
resistivity  in  a  -wide  temperature  range.  Comparison  vrill 
be  made  with  non-intentionally  doped  single  crystals. 

Experimental 

Sample  preparation: 

The  P-FeSi2  single  crystals  were  gro-wn  in  closed 
ampoules  by  chemical  vapour  transport  using  iodine  as 
a  transporting  agent.  As  starting  materials  FeSi^ 
powder  of  99.98%  purity  and  iodine  contents  of  4  and 
7mg  L/cm'^  were  used.  The  ampoule  was  placed  in  a 
temperature  gradient  between  950  and  680°C.  The 
growth  times  were  in  between  1  and  2  weeks.  Needle- 
like  crystals  were  obtained  which  are  about  10- 15mm 
long  and  have  a  diameter  of  l-2mm.  Not  in  all  cases  the 
habitus  was  really  prismatic.  The  ci-ystallographic 
parameters  of  the  gro-wn  crystals  were  determined  by 
X-ray  difiraction  using  CuKa-radiation.  The  measured 
peaks  were  correlated  only  to  the  orthorhombic  P-FeSi^ 
phase,  no  traces  of  a-FeSi^  were  found. 
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The  doping  elejiients  Co,  Mn,  Cr  and  Ni  were  added  to 
the  starting  powder  in  a  concentration  of  2wt%,  for  Co 
also  of  5wt%.  Doping  was  found  to  have  an  influence 
on  the  crystal  size,  the  doped  ciystals  were  larger  and 
much  more  crystals  were  grown.  From  electron 
paramagnetic  spin  resonance  [13,14]  and  EDX 
measurements  the  doping  concentrations  in  the  single 
crystals  were  found  to  be  about  lO'^cm'^,  i.e.  <0.1at% 
(for  the  higher  concentration  of  Co  0.5at%).  From  the 
EPR  measurements  it  was  concluded  that  all  doping 
elements  occupy  Fe  sites,  Mn  and  Cr  both  inequivalent 
Fe  sites  of  the  (f-FeSi^  lattice,  but  Co  and  Ni  only  one. 

Transport  Measurements: 

The  thermopower  and  resistivity  of  the  doped  and 
undoped  single  crystals  have  been  measured  in  the 
temperature  range  from  below  20K  to  lOOOK.  The 
thermopower  was  measured  with  a  static  temperature 
gradient,  the  resistivity  by  conventional  four  probe 
technique.  The  liigh  temperature  measurements  were 
carried  out  in  pure  He  atmosphere.  By  repeated  heating 
and  cooling  the  stability  of  the  samples  and  contacts 
was  tested.  Due  to  Umitatious  in  sample  size  and 
stabihty  of  contacts  higli  temperature  results  are  shown 
in  this  paper  only  for  Cr  and  Co  doped  samples.  HaU 
measurements  were  carried  out  from  300K  to  below 
20K.  Tlie  magnetic  field  strength  was  in  the  range  0. 1 
to  0.8T,  a  standard  value  was  0.495T.  Bridge  and  van 
der  Pauw  configurations  were  used. 

Results  and  discussion 

Carrier  concentration: 

The  canier  concentration  was  determined  from  the  Hall 
coefficient  R,,  setting  the  Hall  factor  r=l.  At  300K  the 
determination  of  the  Hall  coefficient  for  most  crystals 
was  difficult  because  of  the  low  mobility.  For  Cr-doped 
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samples  carrier  concentrations  of  some  10  cm"  were 
found  and  mobilities  of  1  Ocm^A^ s.  In  Fig.  1  the  carrier 
concentration  is  shown  of  p-type  (B-FeSi^  below  room 
temperature,  of  one  undoped  crystal  and  two  crystals 
doped  with  Mn  and  Cr,  respectively.  The  cormnon 
features  of  p(T)  of  all  samples  are  the  strong  decrease 
below  300K  and  a  saturation  below  about  75K.  This 
behaviour  can  not  be  explained  by  carrier  statistics 
using  a  simple  one  acceptor  one  band  model.  There  is 
up  to  now  no  explanation  for  this  behaviour.  But  in  the 
following  it  will  be  shown  that  also  the  transport 
properties  show  special  characteristics  in  the  transition 
range  from  the  strong  slope  of  p(T)  to  saturation. 
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Fig.  1  Carrier  concentration  of  p-type  P-FeSE  single 
crystals  below  300K 


From  the  strong  slope  of  p(T)  between  lOOK  and  300K 
an  activation  energy  of  about  75meV  was  determined 
for  the  Cr-doped  sample,  and  of  about  40meV  for  the 
Mn-doped  sample.  The  undoped  sample  of  Fig.  1  shows 
a  very  similar  behaviour  as  the  Mn-doped  crystal.  This 
is  in  agreement  with  results  of  the  analysis.  Mn  was 
found  to  be  a  main  impurity  in  most  of  the  undoped 
crystals. 


Electrical  Resistivity: 

In  Fig.  2  the  resistivity  p(T)  is  shown  of  a  Cr-doped 
crystal  in  the  whole  considered  temperature  range  from 
I  OK  to  1050K.  One  can  distinguish  four  temperature 
ranges  with  different  characteristics  of  the  temperature 
dependence  p(T):  (i)  Below  about  lOOK  the 

temperature  dependence  is  much  weaker  than  1/T  and 
corresponds  below  5 OK  to  Mott's  law  Inp  oc  T-1/4 
variable  range  hopping,  see  Fig.2a.  (ii)  Between  lOOK 
and  room  temperature  p(T)  shows  a  large  slope  which 
yields  a  decrease  by  two  order  of  magnitudes,  (iii) 
Above  300K  the  resistivity  increases  shghtly  with  an 
approximately  linear  temperature  dependence,  (iv) 
Above  600K  there  is  again  an  exponential  decrease. 

Taking  into  account  the  results  of  Hall  measurements 
(see  Fig.  1)  the  behaviour  of  p(T)  can  be  quahtatively 
described.  The  temperature  range  of  nearly  constant 
carrier  concentration  obviously  agrees  with  the 
temperature  range  of  hopping  conduction.  In  this  range 
there  is  almost  no  activation  of  carriers  into  the  valence 
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Fig.  2  Electrical  resistivity  and  thermopower  of  Cr- 
doped  3-FeSi2  with  Cr  content  0.  lat% 


Fig.  2a  Electrical  resistivity  of  Cr-doped  P-FeSij  in  the 
plot  Igp  vs. 

band  (p-type  samples),  the  conduction  takes  place 
within  the  impurity  band.  Above  lOOK  the  activation  of 
carriers  into  the  valence  band  gives  rise  to  the  observed 
decrease  of  p(T).  The  activation  energy  of  resistivity  is 
with  aiSOmeV  in  the  same  order  of  magnitude  as  that  of 
the  carrier  concentration.  The  increase  of  p(T)  between 
300K  and  600K  means  that  the  increase  of  electron- 
phonon  scattering  in  the  valence  band  exceeds  the 
further  increase  of  carrier  concentration.  The  opposite 
should  be  responsible  for  the  decrease  of  p(T)  above 
600K.  The  resistivity  does  not  follow  a  simple  1/T- 
dependence.  The  estimation  of  an  averaged  activation 
energy  gives  some  tenths  eV  which  is  much  larger  than 
the  activation  energy  between  lOOK  and  300K. 


In  Fig.  3  the  resistivity  of  a  non-intenionally  doped 
crystal  is  shown  above  250K,  which  has  in  contrast  to 
the  undoped  sample  of  Fig.  la  much  higher  resistivity. 
The  resistivity  of  this  undoped  sample  decreases  in  the 
whole  temperature  range  without  the  drastic  changes 
shown  in  Fig.2.  Especially  there  is  no  activation  of  a 
shallow  impurity.  But  the  averaged  activation  energy  at 
high  temperatures  is  m  agreement  with  that  of  the  Cr- 
doped  sample  above  600K.  This  high  activation  energy 
is  obviously  not  connected  with  the  intentional  doping. 
With  regard  to  the  results  on  the  thermopower  the 
decrease  of  p(T)  above  600K  reflects  in  both  the  doped 
and  undoped  samples  the  onset  of  intrinsic  conduction 
[17,19]. 


Fig.3  Electrical  resistivity  and  thermopower  of  non- 
intentionaUy  doped  high  ohmic  P-FeSi^ 


From  HaU  measurements  it  was  aheady  concluded  in 
[20]  that  at  low  temperatures  conduction  takes  place 
within  an  impurity  band  and  that  additional  impurity 
states  exist  below  this  band.  The  activation  energies 
determined  in  [20]  are  in  the  same  order  of  magnitude 
as  found  in  our  measurements. 

Thermopower: 

The  temperature  dependence  of  the  thermopower  S(T) 
of  the  doped  P-FeSh  crystals  corresponds  to  the 
behaviour  of  the  resistivity.  There  are  also  four 
temperature  ranges  with  different  temperature 
dependences.  In  Fig.2  the  results  are  shown  for  the  Cr- 
doped  sample  in  the  range  from  60K  to  1050K.  Tlie 
thermopower  shows  an  oscillating  behaviour  with  two 
maxima  at  about  150K  and  580K.  Below  the  first 
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maximum  S(T)  shows  a  very  strong  increase  with 
increasing  temperature.  The  decrease  above  15  OK 
follows  up  to  about  350K  a  1/T-law.  The  following 
increase  of  S(T)  up  to  600K  and  the  decrease  for 
T>600K  completely  correspond  to  the  temperature 
dependence  of  the  resistivity.  The  decrease  of  S(T) 
leads  at  T«850K  to  a  change  in  sign. 


temperature  dependence  S(T)  as  the  p-type  Cr-doped 
sample.  Again  there  are  four  ranges  of  different 
behaviom  at  surular  temperatures  and  with  similar 
activation  energies.  The  only  small  difference  is  the 
slope  in  the  temperature  range  between  300K  and 
550K  In  Cr-doped  samples  the  slope  is  positive,  in  Co¬ 
doped  samples  negative. 


This  behaviom  of  the  thermopower  can  be  qualitatively 
explained  in  agreement  with  the  results  of  the  resistivity 
and  carrier  concentration.  The  sharp  increase  of  S(T) 
above  70K  from  small  values  of  about  lOgV/K  to  more 
than  600gV/K  at  150K  is  connected  with  the  transition 
from  conduction  in  the  impurity  band  to  conduction  in 
the  valence  band.  If  the  conduction  occurs  mainly 
within  the  valence  band  S(T)  shows  the  usual  Ea/T- 
behaviour  of  a  semiconductor  with  conduction  in  one 
band.  The  corresponding  activation  energy  is  in  Cr- 
doped  samples  between  30meV  and  50meV  in 
agreement  with  the  Hall  data.  The  increase  of  S(T) 
between  350K  and  about  600K  corresponds  also  to  the 
behaviom  of  the  resistivity.  The  thermopower  increases 
linear  with  T  as  in  metalhc  systems.  The  decrease  above 
600K  reflects  the  onset  of  intrinsic  conduction.  This 
inteipretion  is  supported  by  the  change  in  sign  at  the 
highest  temperatmes.  Also  the  behaviom  of  /S(T)/  at 
T>600K  of  the  undoped  sample  (Fig.3)  is  consistent 
with  the  assumption  of  the  onset  of  intrinsic 
conduction. 

There  is  an  alternative  explanation  of  the  strong 
increase  of  S(T)  at  low  temperatmes  and  of  the  flrst 
maximum  At  low  temperatmes  (T^Toebye/S)  in  addition 
to  the  electronic  contribution  also  the  phonon  system 
can  contribute  to  the  thermopower  [15,16].  This 
phonon  drag  effect  can  lead  to  a  low  temperatme 
maximum  of  S(T)  with  an  increase  S(T)ocT“  with  a=3 
in  metals  [15]  and  3/2<a<5  in  semiconductors  [16]. 
Experimentally  the  increase  of  S(T)  can  be  fitted  in 
corresponding  temperatme  ranges  with  an  exponent 
2<a<4.  Assuming  the  occurrence  of  this  effect  one  has 
to  explain  the  decrease  of  S(T)  above  the  first  maxi¬ 
mum  by  a  combination  of  the  decrease  of  the  phonon 
drag  effect  and  of  the  electronic  part  of  the  thermo¬ 
power.  From  the  experimental  point  of  view  further 
investigations  are  necessary  to  decide  between  the  two 
interpretations. 

In  Fig.4  the  thermopower  is  shown  of  a  Co-doped  P- 
FeSij  crystal.  This  n-type  sample  exhibits  the  same 
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Fig.4  Thermopower  of  Co-doped  P-FeSi^  with  Co 
content  0.1at% 


The  explanation  of  the  decrease  of  thermopower  and 
resistivity  above  600K  with  the  onset  of  intrinsic 
conduction  requires  the  comparison  of  the 
corresponding  activation  energy  with  the  energy  gap. 
From  optical  measmements  the  direct  gap  was 
determined  to  be  Eg=0.80...0.85eV  [17].  An  indirect 
gap  was  found  about  O.OleV  below  this  direct  one. 
These  results  are  in  agreement  with  the  bandstructme 
calculations  in  [18].  From  this  it  follows  EA=Eg/2= 
0.4eV  for  the  activation  energy  of  intrinsic  conduction 
in  good  agreement  with  the  resistivity  data. 

Similar  results  for  thermopower  and  resistivity  as 
shown  in  Figs.  2-4  were  foimd  in  sintered  p-FeSij  doped 
with  A1  and  Co  [1].  Several  samples  exhibit  also  the 
fom  characteristic  temperatme  ranges  discussed  above. 
In  [1]  the  data  were  explained  including  polaron  effects 
due  to  strong  electron  phonon  coupling  in  P-FeS^. 
Only  further  investigations  including  high  temperature 
HaU  measmements  and  with  that  a  more  quantitative 
description  should  give  insight  in  the  strength  of  this 
coupling  and  the  role  of  polaron  effects. 
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Fig.  5  Thermopower  of  n-type  and  p-type  P-FeSi2 
below  300K 

In  Fig. 5  the  low  temperature  thermopower  is  shown  in 
more  detail.  The  results  of  n-type  and  p-type  samples 
are  compared.  The  main  features  of  S(T)  are  the  same 
for  all  samples:  small  values  <10pV/K  below  50...80K, 
a  strong  increase  at  75...125K  up  to  500...1000pV/K 
and  above  the  maximum  a  decrease  according  to  band 
conduction.  Only  in  the  Mn-doped  crystal  the  increase 
of  S(T)  is  mor  slowly  and  does  not  result  in  a 
maximum. 

Conclusions 

The  effect  of  doping  on  the  transport  properties  of  (3- 
FeSi^  single  crystals  has  been  investigated. 
Thermopower,  resistivity  and  the  Hall  constant  were 
measured  and  qualitatively  discussed.  It  was  found  that 
there  exist  four  temperature  ranges  with  different 
temperature  dependences  of  the  transport  parameters. 

It  was  concluded  that  at  low  temperatures  conduction 
takes  place  mainly  within  an  impurity  band  and  at 
liigher  temperatures  mainly  in  the  conduction  (valence) 
band.  The  change  between  these  two  regimes  is  rather 
sharp  which  seems  to  be  a  general  feature  of  doped  {3- 
FeSi^  but  is  not  yet  understood.  From  the  activated 
behaviour  of  thermopower  and  resistivity  the  existence 
has  been  deduced  of  impurity  states  below  the  impurity 
bands.  These  additional  impurity  states  are  probably  not 
connected  with  the  intentional  doping. 
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Further  investigations  will  be  done  to  get  a  more 
quantitatve  insight  into  the  transport  mechanisms  and 
to  find  the  dependence  on  impurity  concentration.  Then 
it  should  also  be  possible  to  clarify  the  role  of  phonon 
drag  effects  and  ofpolaron  conduction. 
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An  attempt  was  made  to  find  proper  dopant  elements  for  nitlieniiun  silicide  (Ri^Sij).  Samples  were 
prepared  by  the  arc-melting/hot-pressing  method.  Wliile  undojjed  samples  thus  obtained  exhibited  p- 
type  conduction  and  had  carrier  concentrations  on  the  orders  of  1 0-“*  m  ^ ,  die  phosphorous-  and  gallium- 
doped  sample  exliibited  n-type  conduction  with  liigh  carrier  concentration  on  die  order  of  10^'^  in'^.  It 
was  found  that  phosphorous  and  gallium  can  be  used  as  an  n-type  dopant  and  phosphorous  is  a 
candidate  of  dopant  that  enables  carrier  concentration  over  10^^  m  ^ . 


Introduction 

It  is  well  known  that  many  transition  metal  silicide  groups 
exhibit  semicondticdve  properties.  Moreover  they  usually  have 
liigh  melting  points,  low  electrical  resistivides  and  quite  large 
Seebeck  coefficients  that  are  favorable  for  high  temperature 
thermoelectric  material.  From  these  reasons,  energetic 
researches  on  the  transition  metal  silicides  such  as  IrSi2,  Ru2Si3, 
OsSi2,  CrSi2,  FeSi2,  MnSi2  have  been  done[l-4]  and  several 
candidates  for  thermoelectric  materials  were  selected. 
Ruthenium  silicide,  which  has  a  crystal  structure  of  the 
orthorhombic  symmetry  group[5]  and  a  lower  thermal 
conducdvity  compared  with  currently  used  SiGe,  was  chosen  as 
one  of  die  candidates  based  on  exjierimental  data  on  transport 
properties  and  semi-quantitative  prediction [6]. 

Measured  intrinsic  properdes  of  polycrystal  [7]  and  single 
crystal[8]  RujSij  confirmed  the  potential  for  high  temperature 
applications.  The  thermal  conductivity,  around  2  W/mK  at 
lOOOK,  was  much  lower  than  that  of  SiGe  alloys[9],  The 
measured  Seebeck  coefficients,  varying  from -400  to  300  /xVIK 


in  polycrystal  and  -200  to  450  V/K  in  single  crystal  RuiSis, 
were  large  enough  to  proceed  to  further  investigations.  The 
temperature  dependence  of  the  electrical  resistivity  showed 
ordinary  semiconducting  properties  which  had  an  intrinsic 
region  above  700K.  Although  the  resistivity  in  the  extrinsic 
region  was  rather  high,  on  the  order  of  10'^  Qm,  this  value 
seemed  to  be  decreased  by  proper  doping.  These  measured  data 
on  undoped  Ru2Si3  were  enough  to  prove  its  potential. 

The  only  problem  was  how  to  optimize  its  thermoelectric 
properties,  actually,  its  carrier  concentration.  In  order  to 
maximize  tlie  figure  of  merit,  carrier  concentrations  on  the  order 
of  10-'’  m  ^  must  be  achieved  without  reducing  the  carrier 
mobility  seiiously. 

For  this  problem,  a  number  of  efforts  toward  finding 
proper  dopants  have  been  made  in  Jet  Propulsion  Laboratory  as 
shown  in  Figure  1  and  several  favorable  doping  elements  such  as 
manganese  for  p-type  and  iridium  for  n-type  have  been 
identified.  However,  fundamental  progress  on  figure  of  merit  has 
not  been  rettlized  yet. 
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In  tills  study,  attempts  were  made  to  find  a  proper  dopant 
by  using  the  arc-melting/hot-pressing  method.  An  adoptation  of 
tills  processing  teclinique  to  ruthenium  silicide  was  perfonned 
successfully  and  reported  earlier[ll].  Undoped  sample  thus 
obtained  showed  self  doped  p-type  properties  and  had  much 
lower  resistivity  than  that  of  single  crystal  ones.  Supposing 
substitution  for  silicon  atoms,  dopant  elements  were  selected 
from  untested  groups  seen  in  Figure  1.  By  using  following 
methods,  the  investigation  was  carried  out. 

Experintienal  details 

The  aim  of  this  investigation  is  to  identify  the  proper  dopant 
element  for  nitlieniuni  silicides.  Initial  ingots  were  prepared  by 
arc-melting  on  a  water  cooled  copper  lieardi.  These  ingots  were 
prepared  from  99.99%  purity  ruthenium,  silicon  and  dopant 
clement  powder.  Each  dopant  element  was  added  to  be  1  at%  of 
total  amount  (10  grams)  of  the  ingot.  Only  a  small  weight  loss 
was  observed  after  arc-melting.  Examination  was  carried  out  by 
using  atomic  absorption  spectroscopy(AAS)  in  order  to 
determine  the  very  dissolved  amount  of  dopant.  After  the  arc¬ 
melting,  an  ingot  thus  obtained  was  pul  veri/ted  into  powder  again 
and  classified  under  100  mesh.  Testing  specimens,  having 
dimensions  of  10  mm  in  diameter  and  approximately  1  mm  in 
thickness,  were  prepared  by  hot-pressing  the  powder  at  1450— 
1610  C  and  69  MPa  for  4  hours  in  argon  atmosphere. 

All  hot-pressed  samples  were  fully  dense  (>98%)  and  had  good 
mechanical  strength.  These  samples  were  polished  with 
aluminum  oxide  (AI2O3)  powder  to  avoid  any  effects  of  surface 
conditions. 

Examinations  under  optical  and  electron  microscope 
were  done  in  order  to  observe  textures  seen  in  samples.  Altliough 
it  was  a  very  small  amount,  there  were  secondary  phases  in 
RujSij  main  phase.  By  using  EPMA,  Sliimadu  EPM-810,  tlie 
phase  were  identified  as  nithenium  rich  phase  such  as  RuSi  and 
RuiSi.  Tests  under  X-ray  diffraction  were  also  done  and 
diffraction  patterns  obtained  from  0  — 2  &  observation 
indicated  that  RujSij  was  successfully  synthesized  while  some 
samples  had  very  weak  peaks  corresponding  to  ruthenium  rich 
phase.  Lattice  constants  of  each  sample  were  identified  from  die 
peak  sliift  of  XRD  patterns. 


Hall  mobility  and  resistivity  measurements  were 
performed  simultaneously  between  room  temperature  and  900K 
using  the  van  der  Pauw  method.  The  Seebeck  coefficient  was 
estimated  from  the  electromotive  force  at  a  temperature 
difference  of  50K  in  a  range  from  room  temperature  to  1300K. 
The  thermal  conductivity  was  calculated  using  the  measured 
density,  the  thermal  diffusivity  and  the  heat  capacity.  The 
thermal  diffusivity  was  measured  by  laser  flash  mediod  with  an 
estimated  error  of  ±2%.  Densities  and  heat  capacities  were 
estimated  by  die  Arcliimedes  mediod  and  a  differential  scaiming 
calorimetiy,  respeedvely. 

Results 

Table  1  summarizes  results  of  doping  test  measured  at  room 
temperature.  The  net  amount  of  dissolved  dopant  was  measured 
by  using  atomic  absorption  spectroscopy.  Every  dopant  element 
was  added  to  be  1  at%  of  total  amount  before  arc-mclling, 
however,  there  were  wide  variations  in  measured  values.  By 
microscopic  observation  very  few  cracks  and  pores  were  seen  in 
hot-pressed  samples  and  the  grain  size  were  detennined  to  be  up 
to  50 /I  m  and  isotropic.  Except  of  gallium-doped  and  zinc- 
doped  samples,  small  dispersed  ruthenium  rich  phases  were 
observed.  The  sintering  qualities  of  doped  samples  were  better 
than  that  of  undoped  ones. 

In  XRD  pattern  of  hot-pressed  samples  each  peaks 
observed  were  corresponding  to  standard  peak  witli  slight  peak 
shifts.  All  doped  samples  had  peaks  at  decreased  2  &  ,  which 
means  the  dissolution  of  the  dopmit  into  tlie  matrix  expands  the 
crystal  stniclure  of  RiqSij.  Lattice  constants  of  Ru2Si3  unit  cells 
were  calculated  from  XRD  peaks  corresponding  to  (102);  (200), 
(240)  planes  also  shown  in  Table  1.  The  expansion  of  tlie  lattice 
reaches  2-3%. 

The  results  of  Hall  measurements  at  room  temperature  are 
also  shown  in  fable  1 .  The  carrier  concentration  was  calculated 
by  usuiil  numner  of  n=l/RH/e  and  Hall  mobility  was  calculated 
from  the  electrical  resistivity  and  the  Hall  coefficienl  with  the 
relation  of  =Rh/  p  .  While  the  carrier  concentration  of  the 
imdoped  sample  was  6x10^^  m  that  of  doped  samples  varied  in 
a  wide  range  from  9.8x10“  m^  of  n-type  to  3.5x10“  m  ’  of  p- 
type.  Substantial  changes  were  observed  in  manganese-, 


Table  1.  Results  of  doping  test 


Ag 

Au 

Bi 

Cu 

Ga 

In 

Mn 

Nb 

P 

Sb 

Zn 

Undoped 

Dissolved  % 

0.47 

0.76 

0.66 

0,64 

0.58 

0.02 

0.49 

0 

0.28 

0.65 

Lattice  const 

a 

5.530 

5.547 

5.567 

5.613 

5.530 

5.599 

- 

5.618 

5.663 

5.599 

5,562 

5.513 

b 

11.06 

11.24 

11.09 

10.94 

11.06 

11.11 

__ 

11.11 

11.14 

11.11 

11.08 

11.05 

c 

8.951 

8.979 

9.030 

9.144 

8.938 

9.109 

- 

9.144 

9.256 

9.100 

9.028 

8.900 

Carrier  cone,  n 

0.6 

0.7 

0,6 

1.2 

-1.9 

1.0 

3,5 

2.0 

-9.8 

0.4 

0.06 

0.6 

Mobility 

15.8 

5.9 

21.2 

2.8 

0.5 

14.1 

4.8 

9.8 

3.8 

4.5 

11.4 

6,8 

Units :  lattice  constants  in  10 ,  Carrier  concentration  in  10^-'’ m'^  mobility  in  10'‘^m^/Vs 
(-)  sign  in  Carrier  concentration  denotes  n-type  conduction. 
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Temperature  /  K 


Fig.  2  Seebeck  coefficients  of  hot-pressed  samples.  IDopants 
plotted  here  exhibited  apparent  changes  in  Seebeck  coefficients 
Ag,  All,  Bi,  In,  Sb  doped  samples  had  the  same  values  as 
undoped  ones. 


Fig.3  Temperature  dependence  of  resistivity.  The  line 
indicates  tlie  undoped  sample  and  mark  O  ,  @  ,A  ,  A  ,  s 
indicate  Bi,  In,  Mn,  P,  Nb,  respectively.  Elements 
not  shown  here  did  not  exhibit  apparent  changes  from 
the  undoped  sample. 

niobium-  and  phosphorous-doped  samples.  The  Hall  mobility  at 
room  temperature  was  higher  than  tliat  of  single  crystal  ones  [8], 
The  temperature  dependence  of  the  Seebeck  coefficient 
and  the  electrical  resistivity  are  shown  in  Figures  2  and  3.  The 
Seebeck  coefficient  of  the  undoped  sample  exliibited  p-type. 
While  manganese  and  niobium  acted  as  p-type  dopant  and 
gallium  and  phosphorous  acted  as  an  n-type  dopant,  other 
dopants  such  as  indium,  copper,  silver,  gold,  bismuth  and 
antimony  had  only  small  effects  on  the  Seebeck  coefficients. 

The  resistivity  of  undoped  and  doped  samples,  except 
phosphorous-doped  one,  decreased  with  increasing  temperature 
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over  the  entire  temperature  range.  Although  a  pure  intrinsic 
semiconductor  has  a  transition  temperature  from  extrinsic  to 
intrinsic  region,  hot-pressed  samples  exhibit  rather  week 
dependence  on  temperature.  The  niobium-doped  sample  has  a 
resistivity  of  2x10  ''  0  m  at  room  temperature,  that  is  two  orders 
lower  than  that  of  single  crystal  ones. 

Figure  4  shows  results  of  Hall  measiuements  on  undoped 
and  zinc-doped  samples.  The  Hall  mobility  of  both  samples  had 
maxima  of  6xlO  ’m^/Vs  and  25xlO  ’m^/Vs  around  600  K  and 
they  were  on  die  same  level  as  polycrystal  ones[7].  The  carrier 
concentrations  of  this  two  samples  increased  with  increasing 
temperature.  Tlicse  temperature  dependence  are  quite  usual  for  a 
semiconductor.  The  zinc  doped  sample  had  a  low  carrier 
concentration  on  the  order  of  10“  m'\  the  same  order  as 
measured  in  single  crystal  ones[8]. 
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Figure  5  shows  the  thermal  conductivity  of  undoped, 
antimony-doped  and  phosphorous-doped  samples.  The  thermal 
conductivity  decreases  with  increasing  temperature  and 
phosphorous-  and  antimony-doped  samples  have  lower  values 
than  undoped  ones  over  the  entire  temperature.  Tliis  appears  to 
be  due  to  tlie  effects  of  the  dissolution  of  dopant  atoms  into  the 
Ru2Si3  matrix  in  the  same  way  as  reported  in  die  investigation  of 
SiGe  systein[12]. 

Discussion 

In  order  to  acliieve  a  high  carrier  concentration,  it  is  necessary  for 
a  dopant  to  have  two  features,  a  high  solubility  into  the  matrix 
and  a  liigh  electrical  activity  as  a  source  of  carriers.  Tliough  the 
dissolution  into  matrix  was  confirmed  by  checking  the  peak 
shifts  of  XRD  pattern,  the  measured  amount  of  very  dissolved 
dopant  revealed  diat  die  aimed  lat%  of  die  total  amount  was  not 
achieved.  There  are  many  factors  such  as  arc-melting 
temperature,  melting  point  of  a  dopant  influencing  this 
deficiency  of  dissolved  dopant.  Here  we  took  notice  of  the  ionic 
radii  of  each  dopant.  Rudienium  and  silicon  have  ionic  radii  of 
1.34A  and  1.32A,  respectively.  As  shown  in  Figure 6,  wlule  die 
estimated  dissolution  amount  would  have  some  errors,  those 
amount  and  the  ratio  of  ionic  radii  seems  to  have  some 
correlations  nevertheless.  A  large  difference  between  the  radii  of 
nithenium  and  the  dopants  results  in  a  deficiency  of  dopant  and  it 
is  difficult  to  acliieve  a  liigh  carrier  concentradon. 

The  electrical  aedvity,  the  other  important  feature  for  a 
dopant,  was  calculated  from  the  carrier  concentration  and  the 
dissolved  amount  of  dopants.  Figure  7  shows  the  carrier 
concentration  change  per  dissolved  net  amonnt  of  dopant. 
Because  of  the  very  small  net  amount  of  dojied  phosphorous  and 
uncertainty  in  the  measurement,  it  is  not  plotted  in  the  figure. 
However,  phosphorous  is  the  most  active  dopant  as  seen  in 
Table  1.  As  shown  in  Figure?,  it  is  evident  that  indium-  and 
phosphorous-doped  samples  are  much  more  effective  as  sources 
of  carriers  than  zinc-  manganese-  and  niobium-doped  samples. 
While  indium  and  phosphorous  atoms  are  likely  to  substitute  for 
silicon  atoms  considering  the  periodic  table,  manganese  and 
niobium  atoms  are  likely  to  substitute  for  ruthenium  atoms.  It 
appears  that  there  is  a  eonelation  between  the  substitution  site  of 
the  doped  atoms  and  attainable  carrier  concentrations.  Tliis 
results  would  be  understandable  by  taking  its  crystal  stnicture 
into  account,  however,  there  is  no  consistent  interpretation  of  diis 
result  yet. 

In  the  undoped  sample,  the  microscopic  observation 
revealed  that  there  are  small  amounts  of  nitlienium  ricli  phases 
and  silicon  deficiency  around  those  phases.  An  vacancy 
production  of  silicon  atom  sites  means  a  creation  of  holes, 
because  ruthenium  atoms  seemed  to  attract  electrons  from  silicon 
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Fig. 6  Ionic  radii  ratio  vs  dissolved  amount  of  dopants 


"O 


Atomic  Number 

Fig.  7  Electrical  activitys  of  dopants 

atom  in  order  to  stabilize  its  /?-Sn  structure [13].  The  undoped 
hot-pressed  sample  exliibited  a  p-type  conduction  as  shown  in 
Figure  2,  and  such  a  deficiency  of  silicon  atoms  seems  to  be  tire 
main  reason  of  the  p-type  properties  of  the  undoped  sample. 

In  doped  samples,  on  the  other  hand,  it  is  confirmed  that  a  dopant 
also  act  as  a  sintering  agent.  Only  a  few  pores  were  observed  in 
the  sample,  that  means  a  lower  level  of  nitlienium  deficiency.  As 
shown  ill  Figure  3,  zinc-  and  gallium-doped  samples  have  liigher 
resistivities,  and  tliis  seems  to  be  due  to  a  depletion  of  holes 
which  were  created  by  lack  of  silicon  atoms.  Moreover,  tlie  zinc- 
doped  samjile  had  a  liigher  Hall  mobility  compared  with  the 
polycrystalline  sample  made  by  using  tlie  Bridgman  mediod[7]. 
This  means  tliat  the  addition  of  dopants  decreases  the  scattering 
of  carriers  in  some  cases. 
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Conclusions 

The  results  of  examinations  on  the  RujSij  doped  sample  prepared 
by  arc-melting/hot-pressiag  method  revealed  the  following 
points; 

(1)  The  ionic  radii  ratio  is  a  good  index  to  estimate  the  solubility 
of  the  dopant  into  the  matrix  material. 

(2)  Dopant  elements  near  to  silicon  in  the  periodic  table  are  more 
effective  than  transition  metal  elements. 

(3)  Both  indium  and  phosphorous  are  electrical  active  dopants, 
even  though  phosphorous  is  the  candidate  which  makes  it 
possible  to  achieve  higli  carrier  concentration. 
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Temperature  dependence  of  thermoelectric  properties  of  SiC/Al 
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Department  of  Materials  Science  and  Engineering  National  Defense  Academy 
Hashirimizu,  Yokosuka,  Kanagawa,  239  Japan 

The  thermoelectric  properties  of  the  p-type  SiC/Ai  system  has  been  studied  over  the  temperature  ranging  from  room 
temperature  to  700°C  as  a  fiinction  of  both  A1  concentration  (x  =0.5  wt.%  ~4  wt.%)  and  sintering  temperature  (!’,  =1950°C 
~2250X;).  Drastic  decrease  of  elearical  resistivity  is  observed  at  higher  temperature.  Though,  themial  conduaivity  shows 
it's  low  value  about  lOW/K,  electrical  resistivity  has  a  minimum  value  10’’ £]  m  at  700X1  for  x  =  4.0  wt.%,  T,  =  2250X. 
The  figure  of  merit  Z  approaches  to  the  4X  lO'^K''  around  700X.  We  conclude  that  the  SiC/Al  system  is  a  promising 
candidate  for  thermoelectric  devices  at  high  temperature  region. 


1  Introduction 

Recently,  strong  effort  has  been  directed  towards  the 
development  of  sintered  thermoelectric  materials  with 
improved  characteristics  at  comparatively  higher 
temperatures.  We  have  reported  on  room  temperature 
performance  of  sintered  Bi2Te3[l,  2]  system  and 
temperature  dependence  of  thermoelectric  properties  of 
p-type SiC/B^C  system[3,4]  over  the  range  RT  ~  600°C. 

While  Bi^Tej  system  is  promising  at  room  temperature, 
SiC  based  system  is  expected  to  be  useful  at  higher 
temperature  region  because  of  pyrolytic  property  of  SiC. 
Measurements  of  electrical  resistivity,  thermoelectric 
power  and  thermal  arnductivity  on  SiC  as  a  function  of 
both  B^C  concentration,  temperature  and  sample  porosity 
revealed  that  the  figure  of  merit  of  this  system  reaches  up 
to  10’*’  K’'  at  around  6()0°C.  And  also,  we  have  reported 
about  control  of  thermal  conductivity  through  sample 
porosity[5]. 

Here  we  report  on  the  results  of  study  on  the 
temperature  dependence  of  thermoelectric  properties  of 
SiC/Al  system  over  the  temperature  range  RT  ~  700°C. 
We  found  that  elcctriail  conductivity  and  figure  of  merit 
of  the  SiC/Al  system  am  be  improved  drastically 
compared  to  SiC/B_,C  system. 

2  Experiment 

2.1  Sample  preparation 

/S  -SiC  (average  particle  size  0.15  fi  m  and  BET  surface 
area  19.5  m^/g,  Mitsui  Toatsu  Co.,  Ltd.  MSC-20)  and  A1 
(average  particle  size  3  p  m,  Rare  Metallic  Co.,  Ltd.) 
were  used  as  starting  materials. 


Slurries  were  made  from  mixed  SiC  and  0.5  ~  20.0 
wt.  %  A1  powders  in  polyethylene  jars  with  nylon  coated 
iron  balls  as  the  grinding  media  and  xylene  solution  as  the 
mixing  agent.  After  mixing  for  20  hours  and  passing 
through  75  it  m  mesh  sieve,  these  slurries  were  dried. 

The  dried  mixture  were  granulated  using  500  p  m  mesh 
sieve  and  pressed  into  20  mm  0X6  mm  pellet  at  2  X 
10^^  N/m^(~0.2ton/m^).  Then  the  pellets  were  sealed 
into  an  evacuated  rubber  tube  and  then  pressed 
isostatically  at  2  X  lO”®  N/m^(~2ton/m^). 

Each  pellet  awered  with  the  same  compositional 
powder  was  placed  into  a  carbon  crucible.  Sintering 
procedure  was  carried  out  heated  by  RF  induction.  First, 
the  furnace  was  heated  up  to  1 100  °C  at  a  rate  of  20  °C 
/min.  in  vacuum,  and  Ar  gas  was  introduced  up  to  normal 
pressure.  Then  the  temperature  was  raised  to  sintering 
temperature  (1950°C,  2100  “C,  2250°C)  at  a  rate  of  10  °C 
/min.,  the  sample  is  kept  at  this  temperature  for  2  hours 
and  cooled  naturally  down  to  room  temperature.  Smtered 
materials  were  cut  into  rectangular  shaped  specimens  of 
3  X  4  X  8  ~  10  mm*’  in  dimensions. 

2.2  Thermal  and  electrical  measurement 

The  crystal  properties  and  constituent  of  prepared 
samples  are  studied  by  using  powder  X-ray  diffraction 
and  ICP  (Inductively  Coupled  Plasma).  Measurements 
of  themioelcctric  power  and  DC  electrical  resistivity  were 
made  over  the  temperature  range  from  room  temperature 
to  700  “C,  while  those  on  thermal  conductivity  is  made 
on  the  temperature  range  from  room  temperature  to  300 
“C.  Conventional  four  probes  method  was  employed  in 
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DC  electrical  resistivity  measurement.  Thermoelectric 
power  is  measured  by  the  standard  DC  method. 

Thermal  conductivity  measurement  was  made  by  a 
differential  phase  analysis  of  PPE(Photo  Pyro  Electric) 
signal  (AL- A  6*  analysis)  reported  in  our  previous 
paper[6,7]. 

In  the  PPE  method  one  can  measure  thermal  diffusivity 
a  .  Thermal  conductivity  is  given  by 

K  =  a  '  d  ‘  C  ‘  •  •  •  (1) 

here,  K  ,a  ,d  and  C  are  thermal  conductivity,  thermal 
diffusivity  ,  density  and  specific  heat,  respectively.  We 
calculate  specific  heat  of  SiC/Al  system  from  that  of  SiC 
and  Al.  The  values  of  d  and  a  were  measured.  At 
room  temperature,  we  use  PVF^  (Poly  Vinyliden 
diFloride)  films  as  heat  sensor  in  the  PPE  measurement, 
because  of  high  sensitivity.  In  the  higher  temperature 
region,  we  use  thermoatuplc  as  in  previous  reports. 

3  Results  and  Discussion 

3.1  Crystal  property 

The  crystal  properties  and  armposition  of  prepared 
samples  are  studied  by  using  powder  X-ray  diffraction 
and  ICP.  A  number  of  large  diffraction  peaks  can  be 
assigned  to  SiC.  Additional  small  peaks  can  not  be 
identified  to  the  compound  materials  of  Si,  Al  and/or  C. 
From  the  results  of  powder  X-ray  diffraction,  it  is  found 
that  crystal  structure  of  SiC/Al  sintered  materials  changes 
into  a -SiC  after  sintering  at  2250°C.  After  sintering  at 
2100°C  and  195(TC,  crystal  structure  remains  0  -SiC 
same  as  starting  SiC  powder.  No  dominant  impurities 
were  found  from  ICP  analysis. 

3.2  Al  concentration  dependence  at  RT 

Figure  1  shows  Al  concentration  x  and  sintering 

temperature  T^  dependence  of  sample  density.  Sample 
density  increases  with  Al  concentration,  but  not 
influenced  by  sintering  temperature.  The  samples  with  Al 
concentration  higher  than  4  wt.%  became  deformed 
hardly.  Therefore,  we  could  not  measure  their 
thermoelectric  properties  exactly.  This  deformation  may 
be  responsible  to  low  melting  point  of  Al. 
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Al  Concentration  (wt.%) 


Figure  1  The  Al  doping  concentration  and 

sintering  temperature  dependence  of 
sample  density. 


Al  Concentration  (wt.%) 

Figure  2  The  Al  doping  concentration  and 

sintering  temperature  dependence  of 
thermoelectric  power  measured  at 
room  temperature. 
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Figure  3  The  Al  doping  concentration  and 

sintering  temperature  dependence  of 
thermal  conductivity  measured  at 
room  temperature. 
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Figure  2  shows  electrical  resistivity  at  room 
temperature  as  a  function  of  x  and  T^.  Nonlinearity  in 
current  voltage  characteristics  could  not  be  observed. 
Electrical  resistivity  decreases  drastically,  with  increase  in 
X  and  T^.  The  electrical  resistivity  of  samples  with  lower 
X  and  lower  was  too  high  (>  10*  Q )  to  be  measured 
accurately  with  our  experimental  apparatus. 

Figure  3  shows  thermoelectric  power  at  room 
temperature  as  a  function  of  x  and  T^.  Thermoelectric 
power  decreases  with  x,  but  sintering  temperature 
dependence  is  not  well  defined. 

Figure  4  shows  thermal  conductivity  at  room 
temperature  as  a  function  of  x.  From  this  figure,  we 
could  not  find  definite  dependence  on  A1  concentration 
and/or  sintering  temperature. 

Figure  5  shows  figure  of  merit  at  room  temperature  as  a 
function  of  A1  concentration.  The  figure  of  merit  Z  is 
evaluated  from  electrical  resistivity,  thermal  conductivity 
and  thermoelectric  power.  The  figure  of  merit  Z 
increases  about  4  decades  with  the  increase  in  x  range 
from  0.5%  to  4%. 


A1  Concentration  (wt.%) 

Figure  4  The  A1  doping  concentration  and  sintering 
temperature  dependence  of  electrical 
resistivity  measured  at  room  temperature. 

3.3  Temperature  dependence 

Figure  6  shows  temperature  dependence  of  electrical 
resistivity.  The  resistivity  of  these  samples  exhibit  typical 
semiconductor-like  temperature  dependence  and 
decreases  from  5  to  over  20  decades  with  increase  in 
temperature  from  20  ~  700  "C.  The  decrease  of  the 
resistivity  becomes  weaker  for  samples  with  higher 
concentration  of  Al. 
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Figure  5  The  Al  doping  concentration  and  sintering 
temperature  dependence  of  figure  of  merit 
Z  measured  at  room  temperature. 
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Figure  6  The  temperature  dependence  of  electrical 
resistivity. 
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Figure  7  Temperature  dependence  of  thermoelectric 
power. 

Figure  7  shows  the  temperature  dependence  of 
thermoelectric  power.  Almost  aU  the  samples  have 
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themioelectric  power  which  stays  almost  constant  within 
factor  of  2,  over  this  temperature  range. 

Figure  8  shows  temperature  dependence  of  thermal 
conductivity  measured  from  temperature  20  up  to  300  °C. 
In  the  temperature  range  20  ~  100  °C,  thermal 
conductivity  decreases  with  temperature,  and  over  100  °C, 


thermal  conductivity  tends  to  saturate. 
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Figure  8  The  temperature  dependence  of  thermal 
conductivity  with  varying  the  A1  doping 
concentration  and  sintering  temperature. 
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Figure  9  The  temperature  dependence  of  figure  of 
merit  Z  calcurated  from  measured  values 
of  electrical  resistivity,  thermal 
conductivity  and  thermoelectric  power. 

Figure  9  shows  the  figure  of  merit  Z  of  the  samples  as 
a  function  of  temperature.  The  figure  of  merit  Z  is 
estimated  using  least  squares  fitting  of  electrical 
resistivity,  thermoelectric  power  and  thermal  conductivity 
by  polynomial  functions  of  temperature.  In  this 
procedure,  we  have  made  an  assumption  that  thermal 
conductivity  stays  constant  over  300  °C.  The  figure  of 
merit  Z  increases  with  temperature  over  the  range  studied 


in  this  report.  The  samples  with  4  %  A1  concentration 
and  2100°C  and  2250‘’C  sintering  temperature  show  a 
very  weak  increase  (<  1.5  decade/700  degree)  in  figure  of 
merit.  Another  sample  shows  an  increase  in  Z  over  7 
decades  over  a  temperature  range  RT  ~  700°C 

Compared  with  practical  materials,  Z  value  of  our 
present  SiC/Al  system  is  still  smaller  about  1  or  2 
decades.  We  found  that  the  sample  with  T  =  2250 °C  and 
X  =  2  %  takes  the  maximum  value  of  figure  of  merit  Z  (5 
X  10'*  K'^)  at  around  700  °C.  At  that  temperature, 
sintering  temperature  T  and  concentration  x  the 
thermoelectric  power  also  reaches  about  800  (i  V/K  and 
thermal  conductivity  takes  the  minimum  value  lOW/m  " 

K  while  electrical  resistivity  also  takes  a  minimum  value 
of  10'^  Qm.  The  values  of  thermoelectric  power  and 
thermal  conductivity  are  comparable  to  those  of  the 
BijTcj  system  at  the  room  temperature.  Therefore  high 
electrical  resistivity  in  spite  of  the  A1  inclusions  is 
responsible  for  the  small  value  of  Z.  One  may  expect  to 
improve  Z  values  by  improvement  of  the  sintering 
process,  which  results  in  specimen  with  a  higher  A1 
concentration  In  such  a  sample  one  may  further  reduce 
electrical  resistivity  at  higher  temperatures  resulting  in  an 
improved  Z. 

4  CONCLUSION 

The  figure  of  merit  Z  of  SiC/Al  thermoelectric 
semiconductors  strongly  depends  both  on  temperature 
and  A1  concentration.  Especially,  electrical  resistivity 
decreases  drastically  with  temperature.  We  found  that  the 
figure  of  merit  Z  takes  a  maximum  value  of  4  X 10'''  K'' 
at  700  °C  with  A1  concentration  of  2  %.  The 
thermoelectric  power  (800  n  V/K)  and  thermal 
conductivity  (lOW/m-K )  are  almost  comparable  or  better 
than  those  of  the  practical  materials.  The  additions  of  A1 
results  in  remarkable  improvement  of  figure  of  merit  Z 
compared  with  B^C  in  previous  paper.  Further  reduction 
in  electrical  resistivity  and  thermal  conductivity,  is 
expected  to  improve  the  performance  of  SiC/Al  system. 
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THERMOELECTRIC  PROPERTIES  OF  SiGe  CERAMICS  SINTERED  WITH 
GeBE-PLASiMA  PROCESSED  MICROGRAINS 

K.  Kisliirnoto,  Y.  Nagamoto,  T.  Miki,  T.  Koyanagi,  and  K.  Matsubara 
Yamaguchi  University,  Ube,  Yamaguchi  755,  Japan 

The  inicrostructure  control  by  the  plasma  processing  has  been  investigated 
to  improve  the  thermoelectric  iigure-of-inerit  of  SiGe  ceramics.  SiGe  ceramics 
were  prepared  by  sintering  micrograins,  which  were  exposed  to  a  GeH4-plasma 
to  be  coated  with  Ge  layers.  The  sintered  ceramics  have  a  higher  electrical 
conductivity  than  non-processed  one.  By  the  treatment  the  figure-of-merit  of 
SiGe  ceramics  was  increased  about  three  times  at  room  temperature. 


Introduction 

For  last  several  years,  we  have  attempted  the  microstruc- 
ture  control  of  FeSia  ceramics  to  improve  the  thermoelec¬ 
tric  figure-of-merit  Z  using  the  plasma  processing[l-5]. 
The  micrograins  of  FeSi2  were  treated  in  plasmas  of  reac¬ 
tive  gases,  such  as  O2,  SiH4,  or  GeH4,  and  subsequently 
were  sintered  into  ceramics.  The  resulting  ceramics  had 
higher  electrical  conductivities  than  non-processed  ce¬ 
ramics.  As  a  result,  the  plasma-processed  FeSi2  ceramics 
showed  the  higher  figure-of-merit  as  compared  with  the 
non-processed  ceramics.  This  plasma  treatment  effect 
is  currently  interpretted  as  the  results  of  changes  in  the 
microstructure  around  the  grain  boundary. 

SiGe  is  one  of  the  most  well-known  thermoelec¬ 
tric  materials[6-10],  and  has  a  simpler  crystal  structure 
and  conduction  mechanism  than  FeSi2[ll,12].  So,  SiGe 
seems  to  be  a  suitable  material  for  investigation  of  the 
plasma  effect.  In  this  paper,  we  examine  GeH4-plasma 
treatment  effects  on  the  thermoelectric  properties  and 
the  structure  of  SiGe  ceramics.  The  relation  between 
the  ceramics  structure  and  the  thermoelectric  properties 
is  discussed. 

Experimental 

Figure  1  shows  the  sample  preparation  procedure.  The 
SigoGe2o  mictograins  of  1  to  10  pm  size  were  obtained 
by  milling  arc-melted  SiGe  ingots.  The  micrograins  were 
exposed  to  an  rf-plasma.  The  processing  apparatus  was 
same  as  described  previously[2].  The  treatment  was 
made  under  the  following  conditions:  processing  gas  5 
%  GeH4  diluted  with  Ar;  rf-power  100  W;  total  pressure 
0.2  Torr;  process  interval  1  h;  micrograin  amount  15  g. 
The  treated  micrograins  were  hot-pressed  under  the  fol¬ 
lowing  conditions:  vacuum  of  10"^  Ton;  sintering  tem¬ 
perature  1473  K;  pressing  pressure  32  MPa.  For  compar¬ 
ison,  SisoGeoo  ceramics  were  prepared  without  treating 
the  micrograins  in  an  rf-plasma.  The  sintering  conditions 
were  same  as  those  of  the  plasma-processed  ceramics. 

The  crystal  structure  was  examined  by  the  x-ray 
diffraction  (XRD)  measurement.  The  ceramics  composi¬ 
tion  was  measured  by  the  electron  probe  microanalysis 
(EPMA).  The  electrical  conductivity  was  measured  by 
the  four-point  probe  method.  The  electrical  conductiv¬ 
ity  and  Seebeck  coefficient  were  obtained  from  300  to 
1000  K.  The  thermal  conductivity  was  measured  by  the 


laser-flash  method  at  room  temperature.  The  Hall  mea¬ 
surement  was  also  made  at  room  temperature. 

Results  and  discussion 

Microstructure.  By  GeH4-plasma  treatment,  Ge  lay¬ 
ers  were  successfully  deposited  on  the  SiGe  micrograins. 
The  Ge  layers  modified  the  structure  of  sintered  SiGe 
ceramics  samples.  EPMA  analysis  revealed  that  Si/Ge 
composition  ratio  of  the  treated  sample  was  77/23,  while 
that  of  the  untreated  one  was  80/20.  The  increase  in 
Ge  content  by  the  plasma  treatment  is  due  to  Ge  layers 
coated  on  the  micrograins. 

In  XRD  patterns  of  the  GelR-plasma-treated  ce¬ 
ramics,  Ge  crystalline  peaks  were  hardly  observed,  indi¬ 
cating  that  a  part  of  coated  Ge  might  diffuse  into  the 
grains  while  sintering.  Figure  2  shows  XRD  peaks  of 
SiGe(lll)  of  the  ceramics.  The  peak  position  is  shifted 
to  a  lower  angle  by  the  plasma  treatment.  This  shift  is 
considered  to  be  due  to  an  increase  in  the  Ge  content 
of  SiGe  grains  by  diffusion  of  Ge  coating  layers  into  the 
grains.  However,  the  peak  position  should  be  shifted  to  a 
further  lower  angle  if  the  Ge  layers  coated  on  tlie  micro- 
grains  diffused  homogeneously.  The  expected  peak  posi¬ 
tion  of  Si77Ge23  alloy  is  indicated  by  the  dashed  curve  in 
Fig. 2.  Therefore,  it  seems  that  some  of  the  coated  Ge  is 
still  left  at  the  grain  boundary  even  after  sintering. 
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Non-  Plasma- 

processed  processed  --  Si8oGe2o 

ceramics  ceramics 

Fig.l.  Schematic  diagram  of  sample  preparation  procedure. 
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Fig.2.  XRD  peaks  of  SiGe(lll)  of  the  ceramics  samples. 
Thick,  thin,  and  dashed  curves  indicate  data  for  the  GeH4- 
piasma- treated  ceramics  sample,  the  untreated  one,  and  a  ho¬ 
mogeneous  Si77Ge23  alloy,  respectively. 

From  these  analysis  and  consideration  on  the  ce¬ 
ramics  structure,  it  seems  that  the  processed  ceramics 
were  composed  of  SiGe  grains  with  Ge-rich  grain  bound- 
ary. 

Thermoelectric  properties.  Figure  3  shows  the  tem¬ 
perature  dependence  of  the  electrical  conductivity  for 
GeH4-plasma-treated  and  untreated  SiGe  ceramics.  The 
plasma-treated  ceramics  have  larger  conductivities  than 
the  untreated  one  from  300  to  800  K.  At  room  tempera¬ 
ture,  the  conductivity  increases  about  twice.  Above  800 
K,  in  the  intrinsic  region,  the  conductivities  are  almost 
same. 


Temperature  (K) 

800  500  300 


1000/T(1/K) 

Fig.3.  The  temperature  dependence  of  the  electrical  conduc¬ 
tivities.  Open  and  closed  circles  indicate  data  for  the  plasma- 
treated  and  untreated  samples,  respectively. 


The  electrical  conductivity  usually  increases  with 
increasing  ceramics  density,  which  is  known  as  the  poros¬ 
ity  efFect[7].  In  this  experiment,  the  density  of  ceramics 
treated  in  the  GeH4-plasma  is  slightly  lower  than  that  of 
the  untreated  ceramics,  and  the  electrical  conductivities 
above  800  K  are  equal  to  those  of  the  untreated  ceramics. 
From  these  results,  it  is  concluded  that  the  increase  in 
the  electrical  conductivities  by  the  plasma  treatment  are 
not  related  to  the  porosity  effect. 

To  obtain  more  detailed  information  on  the  in¬ 
creased  conductivity,  we  made  Hall  measurements  at 
room  temperature.  The  results  of  the  Hall  measurement 
are  summarized  in  Table  1.  The  carrier  concentration 
does  not  change  significantly,  while  the  Hall  mobility  in¬ 
creases  about  twice  by  the  treatment,  in  spite  of  an  in¬ 
crease  in  the  alloy  scattering  caused  by  the  decrease  in 
Si/Ge  ratio[10].  The  increase  of  the  Hall  mobility  leads 
to  the  increase  in  the  electrical  conductivity. 

Table  1.  Results  of  the  Hall  measurement  at  room  tempera¬ 
ture. 


o 

n 

Ph 

(S/cm) 

(10 ’Tern®) 

(emw/s) 

Plasma-treated 

0,40 

1 .5 

17 

Untreated 

0.22 

1 .4 

10 

The  increases  in  the  electrical  conductivity  and 
the  mobility  by  the  plasma  treatment  have  been  observed 
in  the  FeSi2  ceramics[l-5].  In  the  case  of  FeSi2  ceram¬ 
ics,  the  plasma  treatment  reduces  some  of  defects  at  the 
grain  boundary[2,4].  Usually  some  of  defects  at  the  grain 
boundary  form  a  potential  barrier,  so  that  the  carrier 
mobility  is  lowered.  Therefore,  it  is  considered  that  the 
reduction  of  the  defects  by  the  plasma  treatment  is  re¬ 
lated  to  the  increase  in  the  carrier  mobiUty. 

SiGe  ceramics  have  been  studied  well,  and  are 
expected  to  have  such  a  potential  barrier  at  the  grain 
boundary[9,10].  In  this  experiment,  the  GeH4-plasma 
treatment  modified  the  microstructure,  especially  around 
the  grain  boundary.  At  this  stage,  unfortunately,  we  have 
not  obtained  any  evidences  on  such  defects  at  the  grain 
boundary.  We,  however,  expect  that  the  plasma  treat¬ 
ment  reduces  the  defects  at  the  grain  boundary  for  the 
SiGe  ceramics  and  that  the  carrier  mobility  increases  be¬ 
cause  of  the  reduction  of  the  potential  barrier. 

The  change  in  the  microstructure  of  ceramics 
seems  to  depend  on  the  plasma  processing  and  sinter¬ 
ing  conditions  strongly.  For  example,  when  the  sintering 
time  and/or  the  sintering  temperature  increase,  the  dif¬ 
fusion  of  the  coated  Ge  may  proceeds  further.  The  study 
on  effects  of  those  conditions  on  the  thermoelectric  prop¬ 
erties  and  microstructure  will  give  us  more  detailed  in¬ 
formation  on  the  plasma  treatment  effect. 

Figure  4  shows  the  temperature  dependence  of 
the  Seebeck  coefficient  for  the  samples  as  shown  in  Fig.3. 
The  plasma  treatment  slightly  increases  the  Seebeck  co¬ 
efficient  below  700  K.  Above  700  K,  in  the  intrinsic  re- 
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gioii,  the  plasma  effect  is  not  observed  significantly.  In 
general,  the  Seebeck  coefficient  increases  with  decreasing 
the  carrier  concentration.  The  results  in  this  experiment 
do  not,  however,  agree  with  the  relationship  between  the 
Seebeck  coefficient  and  the  carrier  concentration  (see  Ta¬ 
ble  1).  We  can  not  explain  the  change  of  the  Seebeck 
coefficient  now. 


Fig. 4.  The  temperature  dependence  of  the  Seebeck  coefficient.'} 
for  the  sample  as  shown  in  Fig. 3. 


To  examine  the  effect  of  the  plasma  treatment 
on  the  figure- of-merit,  the  thermal  conductivities  were 
measured  at  room  temperature.  Table  2  summarizes 
the  thermoelectric  properties  at  room  temperature.  The 
thermal  conductivity  was  decreased  by  about  20  percent 
by  the  treatment.  As  a  result,  the  figure-of-merit  for 
SiGe  ceramics  was  increased  about  three  times  by  the 
GeH4-plasma  treatment. 


Table  2.  Thermoelectric  properties  of  the  plasma- treated  and 
untreated  SiGe  samples  at  room  temperature. 


K 

a 

S 

Z 

(W/cm/K) 

(S/cm) 

(mV/K) 

(10-®/K) 

Plasma- 

processed 

0.023 

0.40 

-0.48 

4.0 

Non- 

processed 

0.030 

0.22 

-0.42 

1 .3 

Conclusions 

We  investigated  the  effects  of  the  GeH4-plasma  treatment 
on  the  thermoelectric  properties  and  the  microstructure 
of  Si8oGe2o  ceramics  to  improve  the  ligure-of-merit. 

The  plasma  treatment  modified  the  microstruc¬ 
ture  of  the  ceramics.  The  GeH4-plasma-treated  ceramics 
seem  to  be  composed  of  SiGe  grains  with  Ge-rich  grain 
boundary.  The  treatment  increased  the  carrier  mobility, 
and  decreased  the  thermal  conductivity.  As  a  result,  the 


figure-ol-merit  was  increased  about  three  times  at  room 
temperature. 

It  is  found  that  the  plasma  treatment  is  effective 
for  improving  the  figure-of-merit  of  SiGe  ceramics  as  well 
as  that  of  FeSi2  ceramics.  Probably,  it  is  considered  that 
the  improvement  of  the  thermoelectric  properties  is  due 
to  the  microstructure  modification,  especially  around  the 
grain  boundary.  At  the  next  stage,  we  would  like  to 
make  clear  the  plasma  treatment  effect  by  controlling 
the  plasma  processing  and  sintering  conditions. 
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EFFECTIVE  THERMAL  CONDUCTIVITY  OF  POROUS 
OXIDES  AT  TEMPERATURES  T>  lOOOK 

E.M,  Slier 

A.F.Ioffe  Physical  Technical  Institute  RAS,  St. Petersburg,  194021,  Russia 

Successful  study  and  thermoelectric  application  of  the  porous  oxides  layers  (o.l.)  of  alkaline-earth  metals  (a-c.ni.) 
depends  largely  on  reliable  detennination  of  their  effective  thermal  conductivity  Xeff  ■  Tl'e  experimental  data  about 

Xeff  and  its  parts  are  given  and  discussed. 


Introduction 

The  specific  properties  of  {wrous  a-e.m.-oxides  gave  A.F.Ioffe 
and  B.Ja.Moizhes  reasons  to  propose  a  possibility  of  high 
thermoelectric  efficiency  in  such  materials  [1,2].  This  proposal 
find  its  corroboration  in  some  expieriments  [2,3].  The  oxide 
layers  of  a-e.m.,(Ba,Sr)0,  (Ba,Sr,Ca)0  have  high  porosity-up  to 
70-80%, fine-dispersed  structure-grain  dimensions  l-3mcm  and 
small  electron  work  function-  l,7ev  at  lOOOK.  These  oxides  are 
semiconductors  with  wide  forbidden  energy  band  about  4,5ev 
and  tliis  provides  a  liigh  transparency  for  thermal  radiation.  The 
dispersion  of  thermal  radiation  in  oxide  crystals  by  free  electrons 
is  small  because  of  their  small  concentration.  High  porosity, 
fme-dispersed  structure  and  slight  contacts  between  crystal 
grains  must  conditioned  high  thermal  resistivity  through  ciystal 
frame  (o.l.  grains+contacts  between  them  ).The  small  work 
function  provides  appreciable  electron  gas  concentration  in  pores 
by  electron  emission  from  grains  at  high  teiufieratures.  It  leads 
to  some  heat  transfer  through  o.l.  by  electron  gas  in  pores.  In 
such  a  maimer,  tliere  are  tluee  component  of  heat  flow  through 
the  0.1. : 

1.  Heat  flow  through  porous  oxide  from  small  crystals  of 
transparent  semiconductor  with  wide  forbidden  energy  band. 

2.  Heat  flow  through  crystal  frame  of  porous  oxide  (small  grains 
+contacts  between  them). 

3.  Heat  flow  which  transferred  through  o.l.  by  gas  of  free 
electrons  in  pores. 

Each  of  these  flows  make  a  contribution  to  total  value  of 
effective  Uiennal  conductivity  Xeff  porous  o.l.  at  high 
temperatures. 

Thermal  conductivity  of  o.l.  crystal  frame  Xcf 

The  conventional  methods  for  measuring  thermal  conductivity 
are  based  on  measurements  of  the  temperature  difference  at  a 
fixed  amount  of  heat  going  through  the  sample.  But  Utey  are  not 
suitable  for  determining  Xcf  high  temperatures  because  of 

high  0.1.  transparency.  Calculation  formulas  for  Xcf  tl'® 

known  values  of  porosity,  dispersion  and  a-e.m.-oxides  crystal 
thermal  conductivity  can’t  give  correct  quantity.  It  is  explained 
by  small  size  of  tlie  contact  area  between  grains.  The  thermal 
resistivity  completely  determines  by  these  contacts  and  strong 
depends  from  o.l.  density.  The  Xcf  value  was  determined  with 

the  help  of  especially  developed  method  [3,4],  which  represents 
a  modification  of  Kolilraush  method.  As  it  is  known,  tliis 
method  is  suitable  for  measuring  thermal  conductivity  of  tliin 
metallic  wires  with  their  diameter  far  less  then  their  length.  The 
developed  method  of  measuring  at  high  temperatures 
(> lOOOK)  can  be  used: 

1.  for  thin  o.l.  in  the  disk  form  located  between  two  metallic 
electrodes  when  its  diameter  well  above 
its  length  (thickness). 


2.  for  0.1.  witli  nonlinear  resistance  . 

3.  when  the  o.l.  electrical  conductivity  is  mainly  provided  by 
grains  emission.  The  developed  method  was  consisted  in  the 
following.  Thin  layer  (with  thickness  100-300incm)  of  a-e.m.- 
o.xides  was  located  between  two  cylindrical  Ni-clectrodes  with 
diameter  8mm.  Each  electrode  had  its  own  heater  from  isolated 
W-wire.  The  heater  power  supply  was  carried  out  from 
electronic  stabilizer.  All  measurements  was  made  in  vacuum 
10''  Torr.  The  o.l.  wanning  up  was  carried  out  from  a  sonic 
generator  with  current  frequency  about  40-60  hertz.  The  o.l. 
initial  resistance  Rj  and  its  variation  A  R  at  warming  up  was 
measured  with  alternating  current  bridge  on  tlie  frequency' 
4,5khz.  The  resistance  changing  A  R  was  recalculated  in  the 
appropriate  increasing  A  T  of  the  o.l.  average  temperature.  The 
value  At  is  detennined  by  the  crystal  frame  thermal 
conductivity  .The  o.l.  is  a  nonlinear  resistance.  Because  of  that, 
the  alternating  current  bridge  compensation  was  made  at  the 
moment  when  the  warming  voltage  was  passing  through  zero. 
The  following  relationship  for  calculation  thermal 
conductivity  Xeff  crystal  frame  from  the  measurements  A  R 
of  0.1.  during  its  warming  up  was  received  by  B.Ja.Moizhes  [4]; 

Pd  d\nIL(,  4A7?^ 

r  = - ^  1 - (1) 

MMUR,,  dT  1  5 

here  P-tlie  power  of  alternating  current  warming  up  the  o.l.,  d- 
0.1.  tliickness.  The  value  dlnR/dT  was  determined  from 
measurements  the  dependence  R(T).  The  high  transparency  and 
small  0,1.  absorption  of  radiation  (a~lcnf')  was  assumed.  The 
valuation  of  the  radiation  heat  removal  from  the  o.l.  crystal 
frame  wanned  up  by  current  was  made  .  It  was  shown  that 
radiation  didn’t  played  essential  role  (d=100-300mcm,  thus 
ad«l). 

The  measurements  by  developed  method  gave  for  Xcf~^>^~ 
5,0.10'^W.cm'‘.K‘'.  These  results  was  compared  with/^y 
measurements  at  low  temperatures  (near  room  temperatures)  on 
tlie  same  samples.  The  received  values  for  Xcf 
temperatures  are  in  good  agreement  vviUi  high  temperatures 
data.  Small  values  of  Xcf  *4gh  temperatures  can  be  connected 
only  with  high  thermal  resistance  on  the  contacts  between  oxide 
grains.  In  connection  witli  this  result,  the  value  of  Xcf 
very  sensitive  to  tlie  structure  of  o.xides 

with  high  porosity.  Tliis  result  is  also  in  good  agreement  with 
electrical  conductivity  probe  measurements  of  o.l.  at  T>  lOOOK 
[5,6].  The  developed  method  can  be  useful  for  lattice  thermal 
conductivity  measurements  of  semiconductor  materials  with 
high  transparency  for  thermal  radiation. 

Thermal  conductivity  of  free  electron  gas  in  oJ.  pores. 

The  small  value  of  electron  work  function  is  provided  free 
electron  concentration  n  in  pores  about  n-lO'^cm'^  (at  lOOOK) 
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For  measurement  Xeff  of  *ower  o.l.  (4,  fig.2)  the  temperature 
distribution  :  Tu=T„<Ti  was  supported. 


and,  respectively,  electrical  conducthity  about  cr  =3-4  10'^ 
Om  '.cin'.  For  electronic  thermal  conductivity  in  the  case  of 
nondegenerate  electron  gas  in  pores  the  Viedeman-Franz  law 
gives[7]: 

Z,^{r+2)[^aT  (2) 

where  r  -  index  of  the  power  in  Uie  electron  free  path  lengtli 
dependence  from  energy,  k-  Boltzman  constant,  e  -  charge  of 
electron,  T-  absolute  temperature.  The  value  of  Xe 
exceeded  l-2.10'’W.cm'‘.K''  -  it  can  be  seen  from  the  maximum 
values  received  for  (y^^  at  high  temperatures  [3,5]  and  from 
equation  (2).  Thus  the  value  of  Xc  o»  1.0  -  1.5  degrees  less  then 
s’dXiKoi  Xcf  atT>1000K. 

Effective  thermal  conductivity  of  o.l. 

As  mentioned  above,  the  heat  transfer  at  temperatures  >1000K 
will  take  place  mainly  by  heat  radiation  tlirough  o.l.  The 
experimental  data  are  confirmed  this  suggestion.  On  the  fig.l 
the  experimental  dependencies  of  effective  thermal  conductivity 
Xeff  are  shown  in  coordinates  Ig^'j^ClgT).  The  dependencies 

are  straight  lines  with  the  slope  near  4. 1.e.,  Xejf  Oe 

when  heat  flow  transferred  mainly  by  radiation. 


: 

/I  ''  " 

/,«)■  iAO 


Fig  1.  Experimental  dependences  Ig  Xeff  (IfiT)  for  two  samples 
of  0.1. 

The  total,  effective  value  of  o.l.  thennal  conductivity  was 
measured  [3,4]  with  the  help  of  three-electrode  device  in  vacuum 
-10'’  Torr(fig,2). 


1,2-cylindrical  electrodes 
3-cylindrical  washer 
4,5-upper  and  lower  o.l. 

6-electrical  heaters 
Ty  ,T^y,T^  thermocouples 


Fig  2.  Construction  scheme  of  tlie  device  for  measurements  X 
and  E  and  their  dependance  flom  T  for  two  o.l. 


The  equation  Tu=T„  can  be  maintained  with  high  accuracy  by 
adjustment  to  zero  the  value  of  upper  o.l.  thermoemf.  In  this  case 
the  heat  0^  which  passed  through  lower  o.l.  will  be  equal; 

Q.  =  Xeff-^^T  (3) 

where  r-washers  (3,figl)  radius,  1  -  o.l.  tliickness,  A  T=Ti  -  T„. 
The  heat  is  completely  radiated  from  lateral  surface  of  the 
washer: 

=  £„o^-T:^52nr  (4) 


where  Sw  -  radiation  emissivity  of  the  washer,  T„  -  temperature 
of  the  washer,  5  -  washer  thickness. 

From  (3)=(4) : 


The  value  for  upper  o.l.  can  be  calculated  similar  by 

adjusting  the  following  temperature  distribution:  Ti=T„<Tu. 

Thus  for  the  effective  tltcrmal  conductivity  detenni  nation  we 
must  know  the  value  of  radiation  emissivity  of  tlie  lateral 
surface  of  tlie  washer.  The  value  of  £’„can  be  strongly 
dependent  from  the  washer  surface  state.  For  reliable 
determination  the  radiation  emissivity  the  following  method 
was  developed  [8].  The  washer  from  investigated  material  (Cu) 
was  suspended  on  its  Pt-PtRli-thermo-couple  in  the  glass  tube 
witli  vacuum  ~10'’  Torr.  As  the  thennocouple  can’t  be  directly 
welded  to  copper,  small  cylindrical  Ni-pins  was  inserted  into  the 
Cu-sample  and  the  thermocouple  was  welded  to  that  pins.  Then 
the  sample  was  heated  from  inductor  of  high  frequency 
generator  to  necessary  temperature,  the  inductor  was  removed 
and  the  recording  of  temperature  decreasing  of  the  sample  was 
made.  For  calculation  of  the  sample  radiation  emissivity  was 
enough  to  know  the  rate  of  the  sample  cooling  in  dependence 
from  its  temperature.  The  heat  removal  through  thennocouple 
and  the  radiation  from  Ni-pins  was  taken  into  account.  Several 
measurements  iiith  each  sample  and  results  was  averaged.  The 
radiation  emissivity  of  the  sample  was  determined  from  the  heat 
balance  equation; 


C.f -£,<TA(r‘-r;)-2;<7, 

S  = - - - - - J- - -r -  (6) 

where  c  and  m  -  specific  tliermal  capacity  and  mass  of  the 
sample,  Sp  and  -  area  of  the  Ni  -  pins  surface  and  their 
radiation  emissivity,  S  -  area  of  sample  surface  (minus  area  of 
pins),  -  heat  flow  summary  outgoing  from  the  sample 


tlwough  thermocouple  wires,  t  -  time. 
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Fig  3.  The  experimental  dependences  of  the  radiation  emissivity 
from  temperature  for  five  Cu-samples. 
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Evaluations  and  repeated  measurements  on  the  same 
samples  witlt  developed  method  was  shown  that  accuracy  of  such 
measurements  not  worse  then  ±  5%.  For  different  samples,  as  it 
is  seen  from  fig.3,  the  meanings  of  differs  more  noticeably 
because  of  variations  in  properties  of  original  material  and 
teclmology  of  their  treatment.  The  results  of  measurements  of 
the  radiation  emissivity  by  tliis  method  received  for  5 
samples  from  oxygenless  copper  (from  which  the  “cold” 
electrodes  -  washers  was  made)  are  shown  on  the  fig.3.  The 
measurements  of  effective  thennal  conductivity  carried  out  by 
two  developed  methods  gives  for  meanings  in  the  limits 

Xeff  ■  lO'^W.cnt'.K''  for  different  o.l.at  ~1000K. 


Conclusions 

Thus  the  thennal  conductivity  of  porous  o.l.  at  high 
temperatures  have  three  components;  1.  through  crystal  frame, 
2.  by  free  electron  gas  in  pores,  and  3.  for  account  of  radiation 
through  0.1.  The  last  component,  in  fact,  is  determin  ■  the 
effective  value  of  thermal  conductivity  of  o.l.,  because  it  is  on  2- 
3  degrees  higher  tlien  two  else.  Therefore  one  can  improve,  for 
example,  electrical  conductivity  even  on  1  or  2  degrees  without 
increasing  the  value  of  .  On  the  other  side,  because  Xeg  'S 
determined  by  radiation  exchange  between  “hot”  Ni  -  cylinder 
and  “cold”  -  washer,  the  value  of  Xeff  ^^n  be  decreased  in 
several  times  by  the  way  of  decreasing  the  value  of  effective 
radiation  emissivity  of  tliis  system  Preparing  one  electrode 
in  this  system  from  material  witli  minimmn  e  (from  copper  or 
gold)  we  will  decrease  the  Xeff  m  2  -  3  times  [3]. 
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The  metal  or  semiconductor  clusters  were  impregnated  into  cavities 
of  the  opal  crystal.  The  thermionic  emission  arises  through  small  gaps 
between  the  clusters.  The  nanolattice  of  thermionic  energy  converters  is 
considered  as  a  Seebeck  media.  The  measured  Seebeck  coefficient  for 
GaAs  cluster  lattice  is  in  agreement  with  the  calculated  one.  The 
thermoelectric  figure  of  merit  is  analysed. 


Opal  crystal  is  a  package  of  touching  silica  spheres  [1]. 
All  these  spheres  are  of  the  same  diameter  about  2500  A.  These 
spheres  form  a  face-centered  cubic  lattice.  Two  type  of  empty 
cavities  (voids)  exist  between  the  touching  spheres.  The  cavities 
with  "octahedron"  configuration  have  a  diameter  ~  1000  A, 
ones  with  "tetrahedron"  configuration  are  of  size  -  500  A  [2, .3]. 
The  voids  are  connected  each  with  other  through 
bottleneck-like  channels.  A  width  of  the  channels  is  of  order 
100  A.  The  cavities  form  the  superlattice  also  with  a  cubic 
symmetry,  as  the  silica  spheres  do.  The  system  of  the  cavities  is 
represented  m  Fig.  1  in  the  fonn  of  cubes  and  tetrahedrons 
inserted  into  the  cavities. 

The  nanosize  metal  or  semiconductor  clusters  can  be 
impregnated  into  the  cavities  of  opal  matrix  as  into  porous 
glass  [4]  in  molten  form  under  high  hydrostatic  pressure.  Thus, 
a  3D-replica  of  the  opal  matrix  is  formed  [2,3].  The  clusters  can 
be  either  separated,  or  coupled,  or  separated  with  small  gaps  of 
size  from  20  to  50  A.  The  last  case  is  the  most  interesting  from 
a  thermoelectric  point  of  view  because  a  thermionic  emission  is 
possible  through  gaps.  Therefore,  this  superlattice  may  be 
considered  as  a  3D-array  of  thermionic  energy  converters  of  a 
.superhigh  density  -10'''  cm  ’’  with  extremely  low  cathode  - 
anode  gaps. 

The  composite  material  in  question  may  be  called  as  a 
Seebeck  media,  like  Josephson  media  prepared  of  the 
superconducting  weakly  coupled  clusters  [3]. 

When  calculating  the  thermionic  current  /  and  a  heat 
flow  q  between  two  clusters,  we  should  consider  the  work 


functions  of  two  clusters  to  be  equal  to  the  same  value  cp.  The 
calculated  quantities  are 


(1) 

q  =  Kp+V)  +  ^(IJ,-l,T,), 

(2) 

/'  =  /lT'^exp(- 

(3) 

(4) 

V  being  the  difference  of  potentials  between  the  clusters,  AT  = 
T,  -Tj  being  temperature  difference,  A  being  the  usual 
thermionic  constant  -  100  A/cm’KT 

Because  of  high  electrical  and  thermal  resistance  of 
intercluster  channels,  the  differences  of  potentials  and 
temperatures  on  a  sample  are  concentrated  mainly  on  the 
channels.  The  differences  on  each  element  are  however  small, 

V  «  “  ,  AT  «  T  because  of  large  number  of  elements. 
Therefore,  the  charge  and  heat  flows  may  be  calculated  in 
a  linear  approximation,  and  the  flows  through  a  media  are 
linear  functions  of  the  generalized  forces; 

V=  pj  +SAT  (5) 

q  =  Uj  -  xAT  (6) 

The  effective  electric  conductivity  ct  =  p ''  ,  thermal 
conductivity  x  and  Seebeck  coefficient  S  were  calculated  with  a 
linearization  of  the  cxpres.sions  (1)  -  (4),  the  Peltier  coefficient  If 
was  given  by  the  Thomson  relation  n  =  ST  .  These 
thennoelectric  parameters  of  the  cluster  lattice  due  to 
thennionic  emission  were  obtained  in  a  followng  form; 

S  =  I  (2  +  cp*) 


(7) 
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CT  =  f /ATe-f'S  (8) 

k 

x^LaT  ,  L  =  2[-^y  (9) 

where  cp*  is  a  work  function  in  kT  -  units,  L  is  a  Lorenz 
number,  5  is  a  factor  describing  a  density  of  the  elements  and 
their  relative  cross  section. 

At  a  usual  work  function  and  a  temperature  above 
room  one,  the  system  has  a  high  thermopower,  low  electric 
and  thermal  conductivity.  It  is  very  like  a  weakly  doped 
semiconductor,  although  any  semiconducting  ingredients  may 
be  absent  at  all.  When  decreasing  gaps  between  clusters, 
tunnel  current  arises  and  the  composite  material  turns  into  a 
metal  or  semiconductor  in  dependence  on  the  material  of 
clusters. 

Really,  some  contributions  of  other  than  thermionic 
origin  must  be  added  to  the  above  expressions  at  small 
thermionic  electric  and  thermal  conductivities.  Due  to  these 
additions,  the  total  conductivities  and  Seebeck  coefficient  are 
equal : 

a,  =  0(3  + O',  (10) 

X,=  Xq+X,  (11) 


S  +  s  So 
1  +  s  ef' 


(12) 


where  ,  Sq  are  values  without  the  thermionic  current 

and  a  parameter  s  characterizes  additional  contribution  into 
the  total  electric  conductivity; 


CTo  _  _/(  cto 
a  e'*’"  ^  AT5 


(13) 


The  contribution  of  thermionic  current  increases 


exponentially  with  temperature.  The  strong  exponential 
dependence  is  excluded  of  the  parameter  s,  however  this 
parameter  may  weakly  depend  on  temperature.  The  Seebeck 
coefficient  may  be  as  usual  in  the  temperature  range  where  the 
thermionic  current  is  small  in  comparison  with  additional  one. 
It  arises  quickly  when  the  current  becomes  mainly  thermionic. 
The  Seebeck  coefficient  calculated  when  using  (7)  and  (12)  is 
represented  on  Fig. 2  as  a  function  of  cp*  at  various 
values  of  the  parameter  s.  Since  tp“  is  proportional  T  these 
curves  show  also  the  dependence  of  thermopower  on  T  k 
The  curves  have  high  non-symmetric  maxima  just  when 
thermionic  contribution  becomes  large. 

The  samples  with  GaAs  semiconductor  clusters  in  the 
opal  matrix  were  prepared  and  the  thermopower  was 
measured.  This  nanoconiposite  material  was  created  by 
means  of  the  physico-chemical  methods  [3,4]  and  controlled  by 
X-Ray  analysis. 

The  unannealed  samples  showed  the  thermopower  as 
in  usual  p-type  GaAs.  After  thennal  annealing,  the  Seebeck 


Fig.l  Thermoelectric  power  of  GaAs-clustcr  lattice  after 
annealing.  Insertion:  schematical  draft  of  the  cluster 
lattice  in  opal  matrix. 


Fig. 2  The  calculated  dimensionless  Seebeck  coefficient 
versus  cp  *  according  (7)  and  (12)  .  s  :  1  -  10’'  ,  2- 
10-^3-  10■^  4-  10'^  5-  10-’,  6-  10-'“,  7-  10-'“  . 

C£  _ _ 
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coefficient  strongly  increased  up  to  2000  pV/K  and 
non-symmetric  maximum  arose  like  the  theoretical  one 
(Fig.l).  We  supposed  that  gaps  and  the  thermionic  emission 
through  them  were  formed  due  to  the  annealing.  After  further 
thermal  treatment,  the  maximum  disappeared  again  what 
might  be  explained  with  increasing  the  gaps.  Therefore, 
theoretical  and  experimental  results  are  in  a  qualitative 
agreement  each  with  other.  However,  a  sign  of  the 
thermopower  turned  out  to  be  positive  what  pointed  out  that 
the  cuiTent  over  barriers  was  created  by  holes.  It  was  possible 
if  holes  went  between  clusters  through  a  dielectric,  obviously, 
through  silica. 

Further,  a  thermoelectric  figure  of  merit  of  the  cluster 
superlattice  was  considered.  The  Ioffe  criterion  ZT  does  not 
exceed  unity  in  the  best  usual  semiconducting  thcnnoelectrics. 
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The  optimal  reduced  work  function  cp*  and  the 
maximal  Ioffe  criterion  ZT  were  found.  The  procedure  can  be 
fulfilled  in  an  analytical  form  as  for  non-degenerated 
semiconductors.  The  Ioffe  criterion 

(2  +  cp*)2 


2(1+eef*) 

depends  on  a  dimensionless  parameter 


B  =• 


2  kT-Ad 


(14) 


(15) 


Kq  being  additional  (phonon  and  radiation)  thennal 
conductivity.  The  quantity  (14)  is  maximal  if  the  optimal  work 
function  tp’  =  tPopt  and  the  parameter  B  are  connected  each 
with  other  by  the  formula; 

B  =  - ,  (16) 

tp  opt 

The  results  of  the  calculation  of  cp*^,  and  ZT  at 
(p  =  9  opt  are  represented  on  Fig.  3  in  the  form  of  universal 
dependencies  on  the  S.  At  B  <  \  ,  the  maximal  Ioffe  criterion 
ZT  is  more  than  unity.  Therefore,  the  cluster  lattice  can 
represent  a  new  perspective  class  of  thermoelectric  materials. 


Fig.3  The  calculated  optimal  reduced  work  fuction  p*  (1) 
and  the  maxunal  Ioffe  criterion  ZT  (2)  versus  the  parameter 
B‘. 


Some  polycrystalline  thennoelectrics  including  iron 
disiheide  exhibit  thermopower  like  observed  in  the  opal  with 
GaAs  clusters.  The  high  maximum  in  the  temperature 
dependence  of  the  thermopower  in  FeSi^  is  without  any  definite 
explanation  at  present  moment.  It  seems  to  be  probable  that 
the  reasons  of  the  maxima  in  the  opal  and  the  iron  disilicide  are 
like.  The  energy  barriers  may  arise  in  FeSij  between  crystal 


grains.  Therefore,  the  discussed  system  may  be  considered  as 
an  artificial  model  of  the  FeSi,  -  type  materials. 
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Introduction 

Thermoelectric  materials  are  currently  used  in 
applications  where  it  is  advantageous  to  have  no  moving  parts 
which  provides  an  increase  in  reliability,  the  elimination  of 
vibration,  and  ease  of  miniaturization.  While  themroelectrics 
are  used  in  countless  temperature  sensing  appUcations,  their  use 
for  electrical  power  generation  or  cooling  is  limited  by  tlieir 
relatively  low  efficiency.  However,  they  have  found  a  niche 
generating  power  in  nuclear-fueled  jx)wer  sources  for  space 
exploration  and  in  silent  power  sources  for  the  military. 
Thermoelectric  cooling  devices  are  also  currently  being  used  to 
cool  infrared  detectors,  CCD  cameras,  and  portable  food  and 
beverage  coolers. 

Over  the  last  30  years  increases  in  the  efficiency  of 
thermoelectric  materials  for  power  generation  or  cooling  have 
been  srrrall.  However  the  development  of  tire  ability  to 
manipulate  materials  on  a  nanometer  length  scale,  thus  tailoring 
their  electrical  properties,  has  renewed  interest  in  the  field. 
Theoretical  predictions  by  Hicks  and  Dtesselhaus  suggest  that 
using  2D  quantum  confinement  of  the  charge  carriers  in 
multilayer  thermoelectric  materials  may  lead  to  an  increase  in 
the  figure  of  merit  [1-2].  In  order  to  pursue  tliis  possible 
enhancement  in  the  electronic  properties  of  multilayer  materials, 
it  is  imperative  to  grow  high  quality  thin  film  thermoelectric 
materials.  Although  thin  films  of  thermoelectric  materials  liave 
been  deposited  by  various  means  for  over  30  years,  a  new 
emphasis  must  be  placed  on  the  film  quality  to  build  nanometer 
length  scale  multilayers.  The  growth  surface,  for  example,  must 
be  flat  at  the  length  scale  of  the  multilayer.  Also,  to  reduce 
interdiffusion  in  these  layered  structures,  it  is  important  to 
develop  a  technique  for  depositing  them  at  the  lowest  possible 
temperatures  at  which  quality  growth  can  be  maintained.  The 
high  quality  films  which  are  essential  for  building  quantum 
confined  layer  structures  are  also  of  interest  for  building 
miniature  devices.  The  ability  to  build  miniature  cooling 
devices  which  can  produce  useful  temperature  differences  will 
depend  on  the  ability  to  make  high  quality  thermoelectric  films. 

A  number  of  issues  have  arisen  wliile  trying  to  grow 
multilayer  thermoelectrics  [3,4].  Both  the  conductivity  and  the 
Seebeck  coefficient  for  multilayer  films  were  found  to  be  lower 
than  published  values  for  bulk  material  of  the  conduction  layer. 


Thick  single  layer  films  were  also  deposited  for  comparison 
with  the  multilayer  films.  For  the  case  of  Bi  and  Bio.s«Sbo  14 
these  showed  a  resistivity  consistent  with  tliat  being  observed 
in  the  multilayer  films,  which  is  about  5  times  that  of  bulk  Bi 
or  Bio  wSbo.M.  This  is  in  agreement  with  results  from  the 
literature  which  suggest  that  grain  boundary  and  impurity 
scattering  may  be  the  cause  of  the  liigh  resistivity.  Volklein  et 
al.  have  modeled  grain  boundary  scattering  and  shown  it  to  be 
consistent  with  experimental  observations  [5].  To  acliieve  a 
high  value  for  the  coefficient  of  performance  from  thin  film 
materials,  it  is  important  tliat  this  grain  boundary  scattering 
problem  be  overcome. 

In  this  work  we  explore  the  possibility  of  achieving 
bulk  electrical  properties  in  single  layer  sputter  deposited  films 
grown  epitaxially  on  (1 1 1)  oriented  BaF:  substrates.  There  are 
a  number  of  sputter  deposition  parameters  that  can  be  varied  in 
order  to  optimize  the  film  quality.  It  is  important  to  understand 
tire  effect  of  varying  the  deposition  temperature,  Ar  sputtering 
gas  pressure,  and  the  substrate  bias.  We  will  consider  only  Bi 
and  Bio.86Sbo.i4  fihns  in  this  paper.  These  materials  were 
chosen  since  they  liave  the  same  simple  stmcture,  two  differeiU 
band  gaps  and  do  not  change  significantly  either  in  physical  or 
electrical  properties  witii  small  amounts  of  cross  contamination. 

We  will  also  present  our  work  on  multilayer 
themroelectrics  made  of  Bi  and  Bio.soSbo.n  layers.  There  has 
been  coirsiderable  interest  in  this  multilayer  stmcture  in  tire 
literature.  Tlreoretical  calculations  of  the  baird  stmcture  and 
interface  states  of  these  multilayer  stmetures  have  been  nrade  by 
Mustafaev  and  Agassi  et  al.  respectively  [6,7].  Experimentally 
Yoshida  et  al.  Itave  examined  similar  multilayer  stmetures 
grown  by  MBE  as  well  as  Bi/Sb  multilayer  samples  in  vvliich 
tlrey  report  air  anomalous  tlrermoelectric  power  [8]. 

Experimental  procedures 

Sputter  deposition  has  been  chosen  to  deposit  these 
thermoelectric  multilayers  for  several  reasons.  First,  sputtering 
gives  a  steady  deposition  rate  which  allows  unifonn  tliickness 
layers  for  tire  multilayer  samples.  Second,  it  allows 
multicomponent  materials  to  be  deposited  from  a  single  source 
without  many  of  the  compositional  slrifts  associated  with 
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thermal  evaporation  techniques.  TMrd,  by  biasing  the 
substrates  the  argon  ions  from  the  sputtering  gas  can  be  used  to 
bombard  the  growing  film  at  low  energies.  Tliis  ion 
bombardment  can  change  the  growth  morphology  by  imparting 
extra  energy  to  the  growth  sinface.  Finally,  the  technology  for 
Ipge  scale  deposition  has  already  been  devclopsrl  and  it  has 
been  shown  that  the  large  quantities  of  material  needed  to  make 
multilayer  thermoelectrics  commercially  viable  can  be  produoed 
relatively  economically. 

The  films  discussed  here  were  all  synthesized  in  a 
system  originally  designed  to  fabricate  multilayer  .X-ray  optics. 
The  system  is  pumped  with  a  ci}'ogen,ic  pump  and  lisually 
acliieves  base  pressures  of  approximately  1x10'^  ton’  prior  to 
sputtering.  Substrates  are  mounted  on  either  a  heated  or  watCA- 
cooled  region  of  a  carousel  which  rotates  below  the  two 
magnetron  sputtering  guns.  The  2.5-inch  diameter  sputter 
sources  are  usually  operated  at  an  argon  pressure  around  0.01 
torr  and  a  power  of  15  watts  to  give  deposition  rates  directly 
under  the  gun  of  about  5  AJs.  To  deposit  multilayer  samples 
the  substrates  are  alternately  swung  under  tiio  rivo  magnetron, 
sputtering  sources,  one  depositing  a  co,nduct!.OB  layer  and  tlie 
other  depositing  a  barrier  layer.  Single  layer  rilms  cm  be  made 
by  running  only  a  single  sputtering  source  and  either  S'‘.vcepi.ng 
under  the  sputtering  gun,  or  sitting  the  substrate  directly  beio’w 
the  gun. 

Physical  characterizalLon 

SEM  has  been  used  to  characterize  the  morph.ology  of 
the  samples,  as  well  as  to  nieasui’e  the  thickness  of  single  Ittyer 
films.  X-ray  diffraction  has  been  used  to  determirie  ths 
crystallographic  orientation  of  the  films.  A  Cu  rotating  anode 
Rigaku  difliactometer,  equipped  with  a  single  crystal 
monochrometer  has  been  used  for  observing  the  degree  c: 
texturing  (by  observing  relative  peali:  intensi'Lie.s  as  weli  as  tire 
intensity  of  the  diffraction  pealcs  as  the  sample  is  rocked  in 


liret.a).  Multilayer  side  bands  on  the  diffraction  peaks  give  an 
accurate  measure  of  the  bilayer  tliickness  d,  which  can  be 
determined  from  die  equation; 


u  —  — z  r  V*/ 

2(sin  Oi,  ±  sin  0,„/ j 

ss  wcl!  as  demonstrating  tliat  the  structure  has  not  interdiffused 
during  deposition.  A  Read  tliin  film  camera  was  also  used  to 
obseivc  tlie  degree  of  texturing  or  epitaxy.  It  has  the  advantage 
of  capturing  a  large  portion  of  reciprocal  space  on  film  in  a 
single  e.xposure. 

Electrical  characterization 

The  Secbcck  coefficient  was  determined  as  a  function  cf 
temperature  for  these  films  at  temperatures  ranging  from  near  tlie 
melting  point  ofBi  down  to  liquid  nitrogen  temperature  [4], 
The  measurements  were  made  in  vacuum  by  bridging  the 
samples  between  two  stages  tliat  can  be  cooled  with  liquid 
nitrogen  and  then  heated  vvilli  a  boron  nitride  resistive  heater 
element  The  films  were  deposited  on  an  insulating  substrate  to 
insure  that  the  electrical  properties  of  the  substrate  do  not  elTect 
the  values  measured  and  to  keep  the  film  isolated  from  the 
grounded  stages.  Fine  (0.003”)  K  type  thermocouples  were 
secured  v/itli  silver  paint  to  each  end  of  the  sample  and  used  for 
both  temperature  and  voltage  measurement.  The  thermal  EMF 
in  each  lead  is  well  known  with  respect  to  platinum  so  the 
grapiis  shown  are  plotted  as  die  Scebeck  coefficient  relative  to 
piatirsum.  The  absolute  Scebeck  coefficient  of  pladnum  is  also 
shown  on  tlie  graph  so  that  the  absolute  value  of  the  Seebeck 
co.cflicient  can  be  ettsily  read  as  the  difference  between  the  two 
curves. 

The  resistivity  of  the  samples  has  been  measured  in 
■vacuum  over  the  temperatui’e  range  from  liquid  nitrogen 
temperatures  to  near  the  melting  temperature  of  the  films.  A 
four  point  probe  iecluiique  was  used  with  an  alternating  current 
and  a  pair  of  lock-in  amplifiers  [4], 


Figure  1;  SEM  micrographs  of  a  series  ofBi  tilms  deposited  at  Smlorr  As  -lOv  bias,  a)  Deposited  at  100°C  on  polished  BaF2.  Columnar 
growth  is  evident,  b)  Epitaxial  film  deposited  at  lOO^C  on  cleaved  BaF^.  c)  Epitaxial  film  deposited  at  200'’c  on  cleaved  BaF2. 
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Figure  2:  X-ray  diffraction  scans  of  a)  Bi  sample  on  glass  showing  texture,  b)  epitaxial  Bi  film  on  cleaved  BaF2,  and  c)  Bi/Bio  scSbo  H 
multilayer  film  showing  satellite  peaks. 


Results  and  Discussion 

A  series  of  experiments  have  been  performed  in  order  to 
optimize  the  quality  of  single  layer  Bi  and  Bio.86Sbo.i4  films. 
The  effect  of  different  substrates,  deposition  temperatures,  Ar 
sputtering  gas  pressure,  and  sample  bias  were  investigated  and 
are  presented  below. 

Samples  deposited  on  glass,  silicon  (with  a  native 
oxide)  and  (1 102)  sapphire  and  were  all  found  to  have  a  rough 
surface  (data  not  shown).  This  is  caused  by  Bi  crystallites 
nucleating  in  random  orientation  on  the  substrate  surface.  As 
the  film  grows,  those  grains  with  favorable  conditions  appear  to 
grow  preferentially  relative  to  their  neighbors,  resulting  in  a 
non-epitaxial  (003)  textured  film  with  the  average  crystallite  size 
increasing  with  film  tliickness. 

In  order  to  grow  films  without  the  rough  columnar 
structure,  a  substrate  was  chosen  on  wlrich  a  Bi  film  could  grow 
epitaxially.  The  (111)  lace  of  BaF:  (cubic)  is  such  a  substrate 
having  an  atomic  spacing  only  3.6%  smaller  than  the  003 
planes  of  Bi(rhombohedral).  Bii.^Sbx  also  has  the  Bi  stmeture 
where  the  addition  of  Sb  reduces  the  lattice  dimensions,  thus 
decreasing  the  mismatch  with  BaF:.  Depositing  on  a  polished 
BaFj  surface  (figure  la)  gave  results  similar  to  that  found  fa- 
glass,  silicon,  and  sapphire.  Presumably  this  is  a  result  of 
surface  damage  caused  by  polisliing.  On  freshly  cleaved  BaFj, 
however,  epita.xial  growth  lias  been  achieved  (figure  lb,  Ic).  A 
difference  in  tire  quality  of  the  films  can  be  observed  visually. 
Those  on  freshly  cleaved  BaFj  are  shiny,  while  on  the  otlier 
substrates  the  rough  film  surface  appears  dull. 

While  the  non-epitaxial  films  show  numerous  faceted 
crystallites,  the  epitaxial  films  show  only  minimal  surface 
topography  in  the  SEM.  The  film  surface  also  shows  a  well 
aligned  triangular  surface  structure.  The  length  scale  of  this 
structure  does  not  change  appreciably  when  tire  films  are  grown 
to  a  thickness  of  3)im.  For  the  non-epitaxial  films,  the  fracture 


surface  is  rough  with  the  films  breaking  along  grain  boundaries. 
For  the  epitaxial  films,  however,  the  fracture  surface  is  smooth 
with  no  evidence  of  grain  boundaries. 

A  series  of  x-ray  measurements  have  been  made  to 
examine  the  crystallographic  orientation  of  the  films.  For  tire 
non-epitaxial  films,  growth  is  textured  with  the  (003)  axis 
perpendicular  to  the  substrate.  This  can  be  seen  from  the  Read 
tlrin  film  x-ray  camera  pictures  wlrich  show  the  polycrystalline 
Cu  Ka  diffraction  rings  broken  into  arcs  (data  not  shown).  The 
0-26  scan  shown  in  figure  2a  also  shows  evidence  of  texturing 
with  a  much  higher  relative  intensity  for  the  (003)  family  cf 
peaks  than  would  be  expected  for  a  randomly  oriented  film.  0- 
20  scans  on  films  deposited  on  cleaved  BaF2  show  that  tire 
degree  of  orientation  is  very  good.  The  003,  006,  009,  0012 
peaks  from  the  film  dominate  the  spectra  (figure  2b).  The  BaF^ 
111,  222,  and  333  peaks  can  also  be  seen.  The  position  cf 


Figure  3  X-ray  diffraction  scan  taken  with  the  detector  fixed  on 
the  003  peak  at  22.4°  of  the  sample  .shown  in  figure 
2b  and  the  sample  rocked  in  tlieta. 
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Figure  4:  Resistivity  of  Bi.  Top  curve  (small  dash)  shows  a  sample 
deposited  at  100°C,  -25v  bias,  and  16  mtorr  Ar.  The 
sample  was  temperature  cycled  fiom  liquid  nitrogen 
temperature  to  progressively  higher  temperatures. 
Annealing  that  occurs  during  each  temperature  cycle 
lowers  the  resistivity.  Center  curve  (solid  line)  shows  a 
sample  deposited  at  200°C,  -lOv  bias,  and  Smtorr  Ar. 
Bottom  curve  (long  dashes)  is  literature  value  for  bulk  Bi. 

these  peaks  can  be  calibrated  with  the  BaF:  111  lines  from  the 
substrate.  The  angles  for  the  film  peaks  are  lower  in  angle  than 
one  would  expect  showing  that  the  unit  cell  is  elongated  out  cf 
the  plane  of  the  film  as  a  result  of  compressive  stress  in  tlie 
plane  of  the  film.  With  the  detector  positioned  on  the  (003) 
peak,  the  sample  can  be  rocked  in  theta  to  show  the  degree  cf 
orientation  of  die  crystallites  (figure  3).  This  shows  diat  the 
orientation  of  the  crystallites  with  the  substrate  is  good  to 
within  about  1/2°. 

Increasing  the  deposition  temperature  gives  the 
depositing  atoms  increased  mobility  on  the  growth  surface  and 
allows  the  growth  of  higher  quality  films.  Increased  temperabare 
may  also  help  reduce  the  incorporation  of  foreign  atoms,  such  as 
Ar  in  the  growing  film,  since  they  are  more  likely  to  be 
desorbed  at  higher  tempierature.  Depositing  Bi  films  at  200°C 
gives  a  larger  surface  structure  as  show  in  figure  Ic.  The 
resistivity  of  this  film  is  also  quite  low  and  above  room 
temperature  there  is  metallic  behavior  (increasing  resistance  with 
increasing  tenperature)  as  is  found  in  the  bulk.  Furdier 
annealing  to  nearly  the  melting  point  reduces  the  resistivity 
slightly  further.  This  behavior'  can  be  compared  with  die 
resisdvity  of  films  deposited  at  100°C.  In  these  films  the 
reisidvity  is  considerably  higher.  With  annealing  (in  the 
measurement  chamber)  the  resistivity  of  diese  films  also  drops 
but  the  films  never  become  as  metallic  as  the  films  deposited  at 
higher  temperature  (figure  4). 

For  muldlayer  growth  it  is  important  to  be  able  to 
deposit  films  at  the  lowest  possible  temperature  in  order  to 
avoid  interdiffusion.  Surface  mobility  can  be  increased  during 
sputtering  by  providing  energy  by  low  energy  ion 
bombardment.  This  can  be  achieved  by  negatively  biasing  die 
sample  holder  and  substrates. 


Figure  5:  Resistivity  of  Bi  films  deposited  at  100°C  under  different 
conditions.  BoUi  die  as  deposited  resistivity  is  shown 
(convex)  as  well  as  resistivity  after  a  250'’C  anneal.  In  all 
cases  the  resistance  has  decreased  widi  armealing.  A  film 
deposited  at  Smtorr  Ar  and  lOv  bias  on  polished  BaFj 
(□),  or  on  cleaved  BaFj  (X).  A  film  deposited  on  cleaved 
BaFj  at  -25v  bias,  and  Smtorr  Ar  (O),  or  on  cleaved  BaFj  at 
-lOv  bias  and  Ibmtorr  Ar  (+),  or  on  cleaved  BaF2  at  -25v 
bias  and  Idmtorr  Ar  (A).  Small  uncertainties  in  sample 
dimensions  made  it  necessary  to  adjust  the  vertical  scale 
for  individual  samples  based  on  die  annealed  high 
temperature  behavior  to  make  trends  more  clear. 

Increasing  die  Ar  pressure  or  increasing  the  bias  of  the 
substrate  holder  bodi  liave  an  effect  on  the  sample  resistivity  as 
can  be  seen  in  figure  5.  In  both  cases  die  resistance  is  reduced 
in  the  as  deposited  film.  There  is  also  a  decrease  in  the  slope  of 
the  resistance  curve.  Both  liigh  bias  and  Ar  pressure  lead  to  die 
deposidon  of  the  lowest  resistance  films  at  10()°C. 

In  summary  it  lias  been  shown  that  single  layer 
epitaxial  films  can  be  grown  on  freshly  cleaved  BaF2  substrates. 
Films  grown  at  higher  temperatures  have  a  lower  resistivity 
than  those  deposited  at  lower  temperature.  Deposition  with  a 
substrate  bias  and  a  higher  Ar  pressure  improved  the 
conduedvity  of  the  films  deposited  at  low  temperature. 
However  in  all  cases  the  resistivity  is  still  higher  than  that  cf 
bulk  material. 

Bi/Bio  multilayer  sample 

Multilayer  samples  composed  of  Bi  and  Bio.seSbo.iJ 
layers  liave  been  deposited  on  cleaved  BaF:  both  at  room 
temperature  and  100°C.  The  existence  of  a  muldlayer  structure 
has  been  verified  by  x-ray  diffracdon  (figure  2c).  The  satellite 
peaks  clearly  show  tliat  a  layered  structure  has  been  achieved 
with  a  layer  pair  repeat  distance  of  91  A. 

The  Seebeck  coefficients  of  the  Bi  and  Bi/Bio.sfiSbo.n 
multilayer  films  are  shown  in  figiue  6.  The  Seebeck  coefficient 
forbodi  films  is  found  to  be  approximately  the  same. 

Ourwo±  agrees  the  work  of  Yoshida  et.  al.  in  which 
they  found  that  samples  grown  on  BaF2  had  no  evidence  of  an 
anomalously  high  Seebeck  coefficient  This  is  in  contrast  to 
dieir  reports  of  an  anomalous  thcnnoelectric  power  in  Bi/Sb 
multilayer  samples  deposited  on  Si. 
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Figure  6;  Seebeck  coefficient  of  a  Bi  film  (o)  and  a 
Bi/Bio.86Sbo.u  multilayer  film  (x)  relative  to 
platinum.  The  top  curve  (+)  is  the  absolute  Seebeck 
coefficient  relative  to  platinum  and  forms  the  zero  for 
the  absolute  Seebeck  coefficient  scale. 

The  resistivity  of  these  films  can  be  compared  with 
that  of  Bi  and  Bio.ssSbo.n  single  layer  films.  The  resistivity  cf 
the  Bio,86Sbo.i4  film  is  higher  than  that  of  the  Bi  film,  as  is 
found  for  bulk  material  (figure  7).  Tlie  resistivity  for  tire 
multilayer  is  higher  than  either  the  Bi  or  Bio.ssSbo.u  single  layer 
films.  The  multilayer  films  show  no  evidence  of  enhancement 
in  the  electrical  conductivity  from  confinement  of  tire  conduction 
electrons  in  the  multilayer  structure.  It  is  likely  that  tlie 
observed  small  increase  in  resistance  is  from  scattering  at  the 
multilayer  interfaces. 

In  conclusion  we  have  demonstrated  tliat  multilayers  cf 
Bi  and  Bio.86Sbo.i4  can  be  deposited  at  high  enough  temperature 
to  achieve  epitaxy,  and  yet  not  get  complete  interdiffusion  of  tlie 
layers.  This  is  the  first  time  that  high  quality  epitaxial 
multilayers  of  these  materials  have  been  produced  at  a  length 
scale  where  quantum  confinement  effects  may  become  apparent. 
The  small  modulation  in  the  bandgap  in  this  multilayer 
structure,  however,  is  found  not  enhance  the  electrical 
conductivity. 

Directions 

We  have  demonstrated  that  it  is  possible  to  deposit 
multilayer  films  at  high  enough  temperature  to  achieve  epitaxial 
growth  in  the  Bi,  Bio.soSbo.M  system,  and  presented  many  of  the 
important  parameters  for  sputter  deposition.  Tltis  work  is  now 
being  extended  to  the  Bi2.xSbxTe3.ySey  compound  thermoelectric 
materials.  This  family  of  materials  includes  some  of  the  best 
thermoelectric  materials  known,  as  well  as  allowing  a  wide 
range  of  possible  bandgaps.  The  similarity  of  crystal  structure 
of  these  materials  to  Bi  and  Bio.geSbo.M  suggests  that  many  of 
the  parameters  defined  above  can  be  applied  to  these  more 
complicated  materials.  These  high  quahty  multilayers  will 
allow  us  to  explore  the  possibility  of  tlieoretically  predicted 
inhancements  in  tliermoelectiic  materials  caused  by  quantum 
confignment  in  layered  structures. 


Figure  7:  Resistivity  for  films  of:  Bi  (A),  Bio.seSbo.u  (+),  and 
Bi/Bio.RsSbo.H  multilayer  (x). 
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ESTIMATION  OF  THE  MAXIMUM  ELECTRICAL  POWER  FACTOR 
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In  thermoelectric  semiconductors,  the  electrical  power  factor  (E a  (where  a  is  the 
Seebeck  coefficient  and  a  is  the  electrical  conductivity)  is  strongly  dependent  upon  the 
carrier  concentration.  This  dependence  creates  some  difficulty  when  experimentally 
evaluating  potential  thermoelectric  materials  which  are  non-optimally  doped  at  the 
temperature  of  measurement,  or  if  the  doping  levels  are  unknown.  In  this  paper,  a 
relationship  between  the  electrical  power  factor  and  a-lna  plots  is  investigated.  The 
results  indicate  that  a-lna  plots  can  be  used  to  estimate  the  maximum  electrical  power 
factor  of  semiconductors  using  the  Seebeck  coefficient  and  electrical  conductivity  as 
measured  on  non-optimized  specimens.  The  use  of  an  a-lna  plot  provides  a  better 
estimate  of  the  electrical  power  factor  than  the  so-called  materials  parameter. 


Introduction 

During  the  past  five  years  or  so  the  unique  properties  of 
a  thermoelectric  energy  conversion  system  has  attracted 
increased  attention  for  commercial  applications  when 
operated  in  both  the  Peltier  mode  (refrigeration)  and  in  the 
Seebeck  mode  (generation).  The  major  factor  restricting 
the  wide-spread  commercial  application  of  tliennoelectric 
devices  is  the  low  values  of  the  dimensionless  figure-of- 
merit  (currently  around  1).  Supported  by  the  Japanese 
New  Energy  and  Industrial  Development  Organization 
(NEDO),  the  thermoelectric  group  at  Cardiff  has 
embarked  upon  a  programme  of  research  aimed  at 
developing  material  with  improved  thermoelectric 
performance. 

Central  to  any  programme  of  material  development  is 
the  availability  of  facilitics/procedures  to  rapidly  assess 
the  thermoelectric  properties  of  the  prepared  materials.  In 
this  paper  a  procedure  is  described  which  enables  an 
initial  screening  to  be  carried  out'  and  facilitates  the 
identification  of  potentially  good  tliermoelectric  materials. 

Conventional  material  parameter 

Conventionally  the  material  parameter,  /?,  is  employed 
in  the  search  for  potential  thermoelectric  materials  and  is 
related  to  the  dimensionless  thermoelectric  figure-of-merit, 
zr,  by  [1] 

(1) 

^  (i-^5/2)-^(^exp(^))■' 

where,  a  is  the  Seebeck  coefficient  and  o  the  electrical 
conductivity.  X  the  tliermal  conductivity,  T  is  the  absolute 
temperature.  5  the  scattering  parameter,  ^  the  reduced 
Fenni  energy  and 

P  fii  (2) 

here,  m  *  the  effective  mass,  mo  the  free  electron  mass,  p 
the  carrier  mobility  and  Xi  the  lattice  component  of 
thermal  conductivity. 

In  principle,  ZT  provides  guidelines  in  identifying 
potentially  good  thermoelectric  materials  (i.e.,  materials 


with  a  high  Seebeck  coefficient,  high  electrical 
conductivity  and  low  thermal  conductivity).  However, 
usually  a,  o’  and  X  change  significantly  with  both 
temperature  and  carrier  concentration.  Consequently,  in 
practice,  it  is  not  convenient  to  use  ZT  as  a  performance 
indicator  because  of  die  prohibitive  amount  of  work 
associated  with  the  preparation  of  specimens  at  various 
doping  levels  and  the  subsequent  measurements  of  a,  a 
and  X  over  a  wide  temperature  range. 

The  parameters  m*,  p  and  Xi  in  equation  (2)  depend 
weakly  on  the  carrier  concentration  and  the  values  of  p 
obtained  for  non-optimized  specimens  does  not  differ 
significantly  from  that  of  optimized  specimens. 
Consequently,  P  has  been  employed  as  an  indicator  in 
searching  for  a  potentially  high  ZT  materials  [2-5],  In  the 
expression  for  P,  the  thermal  conductivity  and  electrical 
power  factor(r/ci)  are  incorporated  in  Xi  and  the  quantity 
{mVmof'^p,  respectively.  Since  the  determination  of  m* 
and  p  requires  sophisticated  measurement  techniques,  the 
practical  use  of  /?has  been  limited. 


a-/n  a  plot 

Based  on  a  simple  theoretical  model  using  Boltzmann 
statistics,  the  Seebeck  coefficient,  carrier  concentration 
and  electrical  conductivity  of  semiconductors  are 
respectively  given  by 

a=-((s  +  5/2)-^}  (3) 

e 

n  =  N^  exp(^) 

«  4,83  X  1 0^ '  (m  *  /m^  exp(^ ) 
a=enp  (5) 

where,  k  is  tlie  Boltzmann  constant  and  e  the  electronic 
charge.  A  relationship  between  the  Seebeck  coefficient 
and  electrical  conductivity  can  be  obtained 


■  The  work  reported  here  is  based  upon  a  paper  submitted  to  Journal 
of  Material  Science  Letters. 
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a-„^,  =exp(6-2)  (9) 

(10) 

It  can  be  seen  tliat  the  maximum  electrical  power  factor  is 
dependent  upon  both  m  and  b  of  the  a-lna  plot.  Since  an 
increase  in  results  in  an  increase  in  i,  a 

large  value  of  indicates  a  potentially  large 

electrical  power  factor.  However,  it  should  be  noted  tliat 
the  maximum  electrical  power  factor  can  also  be  affected 
by  m  and  s.  Evidently,  the  use  of  >3  as  a  thermoelectric 
perfonnance  indicator  neglects  the  influence  of  m  and  s. 

Discussion  and  conclusion 

In  figure  1  are  shown  room  temperature  a-lna  plots 
obtained  from  published  data  for  several  thermoelectric 
materials  [6-10].  A  linear  relationship  between  a  and  hex 
is  evident  for  all  the  materials  investigated.  However,  the 
slope  of  these  straight  lines,  m,  is  not  exactly  equal  to  k/e, 
but  varies  with  different  materials.  The  values  of  b  are 
around  9.5  for  BijTej,  PbTe  and  SiGe,  but  are 
significantly  less  for  materials  such  as  LaS,  LaTe  and 
AgSbTe.  The  corresponding  electrical  power  factors  can 
be  calculated  using  figure  1  and  the  results  are  displayed 
as  a  function  of  electrical  conductivity  as  shown  in  figure 
2. 

As  is  evident  from  equation  1 ,  the  influence  of  s  on  the 
thermoelectric  figure-of-merit  is  neglected  when  P  is  used 
as  a  thermoelectric  performance  indicator.  However,  the 
influence  of  m  is  unexpected  as  the  theoretical  mode! 
employed  in  deriving  fi  indicates  that  ot  is  a  constant  for 
all  extrinsic  semiconductors  at  any  temperatures.  The 
experimental  data  presented  in  figure  1  show  that  m  varies 
for  different  materials  and  also  changes  with  temperature 
as  shown  in  figure  3.  Although  only  SiGe-GaP  alloy  data 
is  shown  in  figure  3,  other  materials  such  as  Bi2Te3  and 
PbTe  exhibited  similar  features,  i.e.,  m  changes  with 
temperature  but  b  remains  almost  constant  over  the 
temperature  ranges  investigated.  However,  in  the  case  of 


Figure  1.  a-lna  plots  for  SiGe,  PbTe,  B^Tes,  LaTe,  LaS 
and  Agi9Sb29Te52. 


<J  (n  cm  ) 


Figure  2.  The  electrical  power  factor  (a^a)  as  a  function 
of  die  electrical  conductivity  (a). 

Bi2Te3  and  PbTe,  m  decreases  widi  increasmg  temperature 
over  the  temperature  range  300-600  K.  The  temperature 
independence  of  b  may  be  explained  by  the  fact  that  an 
increase  in  fi  with  increasing  temperature  is 

compensated  by  a  decrease  in  //,  while  the  density-of- 
states  effective  mass  is  almost  independent  of  temperature 
[11].  Although  the  authors  cannot  explain  the  variation  of 
m  with  materials  and  temperature,  its  influence  on  the 
electrical  power  factor  is  evident.  Furthermore,  this  result 
shows  a  failure  of  the  simplified  theoretical  model  in 
describing  die  detailed  relationship  between  a  and  a.  It  is 
apparent  that  a  deeper  knowledge  of  this  relationship  and 
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Figure  3.  a-lna  plots  for  SiGe-GaP  alloys  at  different 
temperatures. 


the  factors  influencing  “m”  will  provide  helpful  theoretical 
guidelines  for  improving  the  electrical  power  factor. 

In  conclusion,  an  o'-lncrplot  provides  a  better  estimate 
of  the  electrical  power  factor  than  T^''\m  Vmof'^ii.  The  use 
of  or-lncr  plot  only  requires  data  from  relative  simple 
measurements,  and  also  provides  a  better  indication  of 
thennoelectric  performance  as  it  takes  into  account  the 
influence  of  both  m  and  s.  Furthermore,  olncr  plot  can 
readily  be  used  to  estimate  the  optimuin  electrical 
conductivity  of  the  tliennoelectric  materials. 
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IMPROVING  THE  POWER  OUTPUT  AND  CONVERSION  EFFICIENCY 
OF  PELTIER  MODULES  WHEN  USED  AS  GENERATORS 


D.M.  Rowe,  Gao  Min  and  S.G.K.  Williams 

School  of  Engineering,  University  of  Wales  Cardiff,  UK 


A  realistic  model  which  takes  into  consideration  thermal  and  electrical 
contact  resistances  is  used  to  investigated  the  factors  which  influence  the 
power  output  and  conversion  efficiency  of  thermoelectric  modules.  The 
analysis  indicates  that  these  contact  resistances  are  competitive  factors 
which  affect  both  power  output  and  conversion  efficiency.  Although 
improvements  in  power  output  and  conversion  efficiency  can  be  achieved 
by  reducing  either  of  these  resistances,  a  reduction  in  thermal  contact 
resistance  has  a  more  significant  effect. 


Introduction 

Recent  interest  in  “low  temperature”  waste  heat 
energy  conversion  have  encouraged  investigation  into  the 
use  of  Peltier  modules  as  generators  [1-3].  Results  of 
previous  investigations  [4,5]  showed  that  the  power  output 
and  conversion  efficiency  of  a  Peltier  module  are 
dependent  upon  several  factors,  among  them  are 
thermocouple  length,  and  electrical  and  thermal  contact 
resistances.  The  conversion  efficiency  decreases  with  a 
decrease  in  thermocouple  length,  while  the  power  output 
reaches  a  maximum  at  an  optimum  length.  It  was  shown 
that  the  dependence  of  the  power  output  and  conversion 
efficiency  on  the  thermocouple  length  are  si^ificantly 
affected  by  tlie  electrical  and  thermal  contact  resistances. 
Improvement  in  eitlier  of  these  resistances  can  also  result 
in  an  increase  in  the  power  output  and  conversion 
efficiency.  The  objective  of  the  work  reported  in  this 
paper  is  to  identify  dominant  factors  contributing  to  these 
contact  resistances  which  limit  the  thermoelectric 
performance  of  a  Peltier  module  when  operated  in  the 
generating  mode. 

Contact  effect  on  power  output 

The  basic  structure  of  a  Peltier  module  is  shown 
schematically  in  figure  1.  It  consists  of  n-type  and  p-type 
semiconductor  tliermoelements  which  are  connected  in 
series  by  highly  conducting  copper  strips  and  sandwiched 
between  two  plates  of  high  thermally  conducting  but 
electrically  insulating  ceramics.  The  electrical  contact 
comprises  the  copper  strips  /  thermoelement  interfaces  as 
indicated  by  3  and  4  in  the  figure.  The  thermal  contact 
includes  ceramic  layers,  copper  strips  together  witli  the 
mterfaces  shown  in  the  figure.  Based  upon  a  model 
previously  reported  [5]  which  took  into  account  the 
influence  of  these  contact  resistances,  the  power  output 
per  unit  area  of  the  thermocouple  in  a  Peltier  module  can 
be  expressed  as. 

P 

NA~  2p{l  +  n){\  +  2rljlf 

where,  a  and  p  are  the  Seebeck  coefficient  and  electrical 
resistivity  of  the  thermoelectric  material,  respectively.  N  is 


Figure  1  Simplified  structure  of  Peltier  module.  Interfaces 
1-6  contribute  to  the  thermal  contact  resistance;  interfaces 
3  and  4  contribute  to  tire  electrical  contact  resistance. 


the  number  of  thermocouples  in  a  module,  A  the  cross- 
sectional  area  of  thennoelements,  AT  tire  temperature 
difference  across  the  module,  /  the  lengtli  of  tlie 
thermocouples,  4  the  thickness  of  tire  ceramic  plates,  and 
n-lpfp  is  the  ratio  of  contact  to  bulk  electrical  resistivity, 
r=2/Xc  is  the  ratio  of  bulk  to  contact  thermal  conductivity. 

Using  equation  (1)  and  assumuig  a=200  pV/K,  p=W^ 
Qcm,  rir=100  K,  l-\  mm  and  4=1  mm,  the  power  output 
per  unit  area  was  calculated  and  the  results  are  shown  as  a 
function  of  contact  parameters  n  and  r  in  figure  2.  It  can 
be  seen  that  the  power  output  increases  witli  a  decrease  in 
n  or  r.  However,  an  increase  in  power  output  wliich 
accompanies  a  reduction  in  r  is  much  more  significant  than 
that  due  to  reducing  n.  A  reduction  in  r  from  0.2  to  0.02 
can  result  in  more  than  a  doubling  of  tlie  power  output. 
However,  an  increase  of  less  than  10  %  can  be  obtained 
by  a  similar  reduction  in  n.  For  commercially  available 
Peltier  modules,  values  of  0.1  mm  and  0.2  for  n  and  r 
respectively  have  been  obtained  [6].  It  is  apparent  that  a 
more  substantial  increase  in  power  output  can  be  achieved 
by  improving  the  thermal  contact  resistance  rather  than  tlie 
electrical  contact  resistance. 

For  a  given  thermoelectric  material,  the  reduction  in  r 
can  be  achieved  by  increasing  Ac,  which  is  an  equivalent 
tliermal  conductivity  comprised  of  a  combined  effect  of 
tlie  copper  strips,  ceramic  plates  and  all  the  interfaces 
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P  (mW/nun’) 


Figure  2  Power  output  per  unit  area  as  a  function  of 
thermal  and  electrical  contact  parameters  r  and  n. 


shown  in  figure  1 .  Usually,  the  influence  of  the  copper 
strips  on  Xc  can  be  neglected  due  to  tlieir  very  high  thermal 
conductivity  and  a  very  large  ratio  of  cross-sectional  area 
to  lengtli.  In  this  case,  Xc  can  be  expressed  as 


(2) 


where,  A;  is  the  thermal  conductivity  of  the  ceramic  layer, 
and  X2  the  equivalent  thermal  conductivity  of  all 
interfaces,  In  order  to  identify  the  dominant  factors  among 
X„  the  power  outpu  per  unit  area  was  calculated  and  is 
shown  as  a  function  of  thermocouple  length  for  different 
A;  and  U  in  figures  3-5,  respectively.  For  commercially 
avadable  Peltier  modules,  the  value  of  4  is  about  0.7-1 
mm.  A;  is  about  34  W/mK  for  AljOi  ceramic  plates  and  X2 
is  around  10“'  W/m^K  [7],  It  can  be  seen  that  a  very  limited 
increase  in  the  power  output  can  be  obtained  by  increasing 
the  thermal  conductivity  or  by  reducing  the  thickness  of 
the  ceramic  insulating  plates.  However,  a  significant 


0.0  0.5  1.0  1.5  2.0  2.5  3.0 


Thermoelement  length  (mm) 


Figure  3  Power  output  per  unit  area  as  a  function  of 
thermocouple  length  for  different  A;. 


Thermoelement  length  (mm) 

Figure  4  Power  output  per  imit  area  as  a  function  of 
thennocouple  length  for  different  A^. 


Thermoelement  length  (mm) 

Figure  5  Power  output  per  unit  area  as  a  function  of 
thermocouple  length  for  different  4. 


increase  in  the  power  output  can  be  obtained  by  reducing 
the  thermal  conductivity  of  the  interfaces.  Evidently,  the 
thermal  contact  resistance  due  to  the  mterfaces  is  the 
dominant  factor  which  limits  the  power  output  of  the 
modules. 


Contact  effect  on  conversion  efficiency 

The  conversion  efficiency  of  a  Peltier  module  when 
operated  as  a  generator  can  be  expressed  as  [5], 
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where,  2  is  the  thennoelectric  figure-of-merit  of  tlic 
thermocouple  material,  7*  and  Tc  are  temperatures  on  the 
hot  and  cold  sides  of  the  module. 

Using  equation  (3)  and  making  similar  assumptions  to 
those  employed  in  the  previous  section,  the  conversion 
efficiency  of  Peltier  modules  when  used  in  the  generating 
mode  was  calculated  and  is  shown  as  a  function  of  n  and  r 
in  figure  6.  It  can  be  seen  that  the  electrical  and  thermal 
contact  resistances  affect  the  conversion  efficiency  in  a 
similar  manner  to  power  output.  Furthermore,  it  is  noted 
that  the  percentage  increase  in  the  power  output  due  to  a 
reduction  in  r  (or  n)  is  independent  of  the  value  of  «  (or  r). 
However,  the  percentage  increase  in  the  conversion 
efficiency  by  reducing  r  (or  n)  is  dependent  upon  the  value 
of  n  (or  r)  and  is  more  significant  for  a  given  n  (or  r)  with 
a  smaller  value  tlian  a  larger  value.  This  result  indicates 
that  «  and  r  are  competitive  factors  whose  effect  on  the 
conversion  efficiency  depends  on  their  relative  values.  For 


Convstsion  cfEicicncy  (%) 


Figure  6  Conversion  efficiency  as  a  function  of  thermal 
and  electrical  contact  parameters  r  and  n. 


Thermoelement  length  (mm) 


Figure  7  Conversion  efficiency  as  a  function  of 
thermocouple  length  for  different  A;. 


commercially  available  Peltier  modules  (r=0.20  and 
n=0.10  mm  ),  it  can  be  seen  from  figure  6  that  reducing 
tlie  thermal  contact  resistance  plays  a  more  important  role 
in  increasing  tire  conversion  efficiency  than  reducing  the 
electrical  contact  resistance. 

In  figures  7-9  are  shown  tlie  conversion  efficiency  as  a 
function  of  the  thermocouple  length  for  different  A;,  X;  and 
4,  respectively.  The  conversion  efficiency  decreases 
monotonically  with  reducing  thermocouple  length  due  to 
contact  effects.  For  a  given  thermocouple  length,  tlie 
conversion  efficiency  is  affected  by  A;,  A^  and  4.  In 
practice,  a  very  limited  increase  in  tlie  conversion 
efficiency  can  be  obtained  by  increasing  the  thennal 
conductivity  or  reducing  the  thickness  of  ceramic  plates. 
However,  a  significant  increase  in  conversion  efficiency 


Thermoelement  length  (mm) 


Figure  8  Conversion  efficiency  as  a  function  of 
thermocouple  length  for  different  A;. 


Thermoelement  length  (mm) 


Figure  9  Conversion  efficiency  as  a  function  of 
thermocouple  lengtli  for  different  4. 
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may  be  possible  by  reducing  the  thermal  conductivity  of 
the  interfaces.  Consequently,  the  efforts  to  improve  the 
thermoelectric  performance  of  Peltier  modules  when  used 
as  generators  should  concentrated  on  reducing  the  thermal 
conductivity  at  the  interfaces. 


Conclusions 

The  electrical  and  thermal  contaet  resistance  affect  the 
length  dependence  of  power  output  and  conversion 
efficiency  of  Peltier  modules  when  used  in  the  generating 
mode.  A  decrease  in  dre  electrical  or  thermal  contact 
resistance  is  beneficial  bodi  in  improving  the  power  output 
and  conversion  efficiency  and  in  reducing  the 
thermocouple  length  (i.e.,  a  reduction  in  thermoelectric 
material).  However,  the  results  obtained  from  tiris 
investigation  show  drat  significant  improvement  in  power 
output  and  conversion  efficiency  can  only  be  obtained  by 
reducing  the  thermal  contact  resistance.  Furthermore,  it 
has  been  identified  that  the  thermal  contact  resistance  at 
the  interfaces  is  die  dominant  factor  which  contributes  to 
the  thermal  contact  resistance  of  the  modules. 
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PROBLEMS  AND  PERSPECTIVES  FOR  THERMOELECTRICS 

Anatychuk  LI. 

Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 

The  results  of  main  thermoelectrics  development  directions 
analysis  are  given.  The  priority  directions  of  investigations  in 
physics,  teclinology  and  thermoelectricity  using  are  formulated. 


By  now  there  are  several  priority  directions  for 
thennoelectrics  development  [fig.lj.  These  are  theory  for 
thermoelectrie  phenomena  -  phenomenologieal  and 
microscope;  thermoelectric  material  science  and  materials 
technology;  three  main  practical  applications  for 
thermoelectricity  -  energy  sources,  thermoelectric  cooling 
and  heating,  measuring  equipment. 


Fig.l.  Main  directions  of  thermoelectric  development. 


Phenomenological  investigations  have  led  us  to 
creating  the  full  classification  for  all  thermoelectric 
phenomena  [fig.2]  and  finding  the  new  21  effects,  which 
are  of  practical  interest  [1,2].  We  want  to  emphasize  that 
classification  is  only  for  linear  approximations  over  the  field 
influencing  the  substance.  Studying  tlie  new  linear  effects 
and  creating  the  classification  for  non-linear  effects  is  the 
fust  important  direction  of  tliermoelectric  study. 


Phenomenological  theory  also  allowed  us  to  classify 
all  versions  of  tliermoelectric  energy  conversions.lt  was 
already  mentioned  that  from  this  view  thermoelectrics  is  in 
the  mitial  stage  of  its  development  -  of  124  veisions  only  15 
are  studied.  Their  study  is  the  second  important  direction. 

Therewith  the  given  classification  does  not  deal  with 
variety  of  thermoelectric  possibilities  in  different  dynamic 
modes  when  heat  fluxes ,  electric  currents,  magnetic  fields, 
force  affections  and  the  substance  qualities  are  the  functions 
of  time.  Studies  of  dynamic  cooling  modes  show  the 
possibility  to  improve  AT  and  COP  [3,4]. In  general ,  dynamic 
modes  investigations  are  the  new  step  for  thermoelectrics 
and  the  creation  of  absolutely  new  devices  on  combination 
of  electric  equipment  and  thermoelectrics  is  becoming 
possible.  This  is  tire  third  thermoelectric  study  direction. 

Microscopic  tlieory  of  tliermoelectricity  is  created  on 
the  background  of  solid  state  physics  and  semiconductor 
physics  advantages.  Their  use  allows  to  solve  the  most  of 
thermoelectric  problems.  But  tliermoelectric  phenomena  in 
the  extremal  conditions  are  not  studied  well,  namely  when 
the  temperature  gradient  is  big.  Even  the  first  investigations 
of  this  show  the  beautiful  perspectives  for  conversion 
efficiency  increase  [5].  This  is  the  fourth  important  direction 
for  thermoelectric  study. 

The  microscope  tlieory  of  contact  phenomena  in  the 
boudary  thermoelectric  material  -  metal  requires  the  further 
development.  Studies  [6]  have  determined  tlie  approximate 
limits  of  possibly  minimum  values  of  contact  resistances 
[fig. 3].  This  is  extremely  important  information  both  for 
minimizing  the  thermoelectric  converteis  and  te  effective 
study  of  dynamic  modes.  But  the  real  physical  models  of 
contacts  are  not  studied  yet  and  they  are  fiJfth  direction  for 
tliermoelectric  study. 


Fig.3.  Minimal  specific  contact  resistance. 


Fig.2.  Classification  of  the  linear  thermoelectric  effects. 
V  -  thermal  e.m.f,  B  -  magnetic  field,  j  -  current  density, 
q  -  heat  flow,  tsQ  -  heat  production. 

Effects  number  is  shown  in  parethesis. 


Thermoelectric  effects  (63) 


Specific  resistance  P  10’  Ohm-cm’ 


New  Effects 
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Problems  of  material  science  and  material  technology 
are  still  tlie  main  ones.  First  of  all  these  are  problems  of 
increasing  the  figure  of  merit  ZT  »  1.  Now  the  value  of  it  is 
about  1.  'fliis  means  that  in  generation  mode  thermoelectrics 
is  competitive  by  efficiency  at  capacities  less  than  1  kW 
[fig.4]  [7],  and  m  the  cooling  mode  [fig. 5]  at  coefficients  of 
performance  less  than  20  -  30  W  [8].  Making  it  more 
competitive  hi  classical  manner  is  supposed  to  be  due  to  Z 
increase.  But  it  is  known  that  at  Z  increase  tlie  convereion 
efficiency  mcreases  much  less  [fig.6].  Thus,  at  ZT  increase 
at  10  times  the  conversion  efficiency  increases  no  more 
than  2-3  tunes  [fig. 7],  Tliat’s  why  it  is  important  to  know 
what  maximum  values  for  ZT  can  one  expect  m  the  future. 
Tliis  is  the  sixth  direction  for  the  study. 


Fig.4.  The  dependence  of  the  enei'gy  heat  engine-operated 
electric  generators  efficiency  on  the  electric  power.  1- 
carburator  engine;  2-diesel;  3-  gas  and  steam  turbine;  4- 
TE  konvertors  efficiency  limit.  The  quadrates  coirespond  to 
the  mell-known  Stirling  engines  using 


Tj,  % 


Fig.  5.  Exergetic  efficiency  p  as  function  of  heat  pumping 
capacsity  Q^.  T  =233  K. 
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thermoelectric  materials  where  we  can  create  the  conditions 
for  tlie  best  Z  values.  This  is  direction  number  seven. 


Fig.6.  Dependence  of  the  thermoelectric  conversion  efficiensy 
by  Carnot  cycle  one  on  the  thermoelectric  figure  of  merit 


Fig.  7.  Dependence  of  thermoelectric  conversion  efficiency  on 
figure  of  merit  for  different  maximum  operation  temperature. 
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Investigations  done  in  the  Institute  of 
Tliernioelcctricity,  Ukraine  [fig. 8]  for  tlie  known  models  of 
electron  and  phonon  spectra  and  for  the  best  combinations 
of  microscopic  substance  parameters,  have  shown  tliat  m 
the  best  case  value  of  ZT  can  reach  3  [9].  Really  tills  value 
will  be  rnuch  less,  that’s  why  we  should  not  expect  the  big 
changes  m  thermoelectric  energy  conversion  due  to  figure 
of  merit  increase  in  usual  thermoelectric  materials.  In  this 
connection  we  must  look  for  tlie  materials  witli  high  ZT 
value  beyond  the  usual  thermoelectric  structures.  It  is 
necessary  to  create  structures  and  technologies  for  artificM 


Fig.8.  Scheme  for  providing  the  computer  modelling  of 
artificial  thermoelectric  structure 

DIRECT  PROBLEMS 


REVERSE  PROBLEMS 


One  of  the  methods  for  these  materials  search  is 
computer  modelhng  the  artificial  structures  [  10]  .Tliis  is  eiglith 
duection  in  thermoelectric  study.  For  its  realization  we  must 
workon  the  reliable  methods  for  description  the  connections 
between  substance  stiucture,  phonon  and  electron  spectra, 
khietic  coefficients  and  figure  of  merit  [[fig. 9].  Such  methods 
are  developed  for  solving  the  direct  problems  of  solid  state 
physics,  where  from  the  prescribed  substance  stiucture  the 
material  figure  of  merit  is  defined.  Computer  modelling 
supposes  the  material  structure  finding  for  the  prescribed 
limithig  values  of  figure  of  merit  [11]. 
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Fig.  11.  Classification  of  optimal  control  problems  in  thermoelectricity 
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Fig.  9.  Dependence  thermoelectric  figure  og  merit  on 
parameter  p 

1  -  for  the  carrier-acoustic  phonon  scattering 

2  -  for  the  carrier-ionized  impurity  scattering 


(ZT)„,, 


The  other  important  direction  of  thermoelectric 
mateiia]  science  is  the  transfer  from  optimization  by  numbers 
to  the  pme  by  fonctions  for  reacliing  the  maximum  figure 
of  merit.  Tlus  is  ninth  direction  of  thermoelectric  study. 
Let’s  deal  with  it  more  precisely. 

After  discovering  the  Seebeck  and  Peltier  effects 
thermoelectric  material  and  thermoelement  size  optimization 
were  done  by  the  best  numbers 

n^-,p=  p„; 


where  n,  p  are  electrons  and  holes  concentrations,  S,  I  are 
legs  dimensions,  /  is  cunent. 

This  was  the  main  method  for  thermoelectric 
conversion  efficiency  increase.  This  approach  has  led  to  the 
fast  development  of  all  the  practical  thermoelectricity 
applications  [fig. 10]. 


Now  the  reaching  of  maximum  conversion  efficiency 
by  using  optimal  functions,  material  inhomogeneity, 
thermoelements  dimensions  and  the  current  dependence 
on  tune,  are  studied  more  and  more: 

n  =  n(x);  p  =  p(x); 

I  I  ’ 


I=I(t) 

Search  for  such  functions  is  being  made  by  optunal 
control  theory  methods.  The  classification  of  all  the 
thermoelectricity  problems  connected  witli  optimal  functions 
search,  was  made  [fig. 11]  [12].  During  tins  time  several  of 
these  problems  marked  hi  the  table,  were  solved. 

Fig. 12  shows  the  results  of  using  optunal  control  for 
incre^mg  the  thermogenerators  efficiency  compared  to  the 
eiectric  stations  with  internal  combustion  enghies  efficiency. 
It  is  seen  tliat  the  efficiency  reached  makes  tliennogenerators 
competitive  at  capacities  under  1  kW.  Usmg  cascade  batteries 
of  Bi-Te,  Pb-Te,  Ge-Si  allows  to  increase  the  efficiency  to 
about  15%.  Makhig  these  batteries  of  optimal  inliomogeneous 
materials  wiO  ^ow  to  increase  thennogenerators  efficiency 
up  to  25%.  Ushig  optimal  control  when  creating  combined 
emission  and  thermoelectric  generators  will  give  the  value 
of  40  -  45%.  These  efficiencies  are  big  prospective  to  use 
the  dhect  energy  conveision  methods. 

Optimal  control  allows  to  increase  materially  also  the 
characteristics  for  thermoelectric  cooling.  Thus,  Using 
optimal  functions  of  magiictic  field  in  cascade  low- 
temperaturc  coolers  of  Bi-Te  allows  to  increase  the  COP 
for  200  -  300  %  [13].  So,  using  optimal  functions  makes 
thermoelectricity  applications  much  more  spread  [Fig.  13]. 


Fig  12.  Results  of  STEG  optimal  control. 

1  -  efficiency  of  internal  combustion  engine;  2  -  attained 
TEG  level;  3  -  Bi-Te  +  Pb-Te  +  Ge-Si  stage  battery 
(  15.7  %);  4  -  stage  batteiy  with  optimal  eontrol  (  16.9  %); 
5-  Bi-Te+  PbTe  (  Ge-TeJ  +  Ge-Si  functional  gradient 
material  stage  batteiy  (  25  %);  6-  combained  emission  + 
functional  gradient  material  TEG  (  40  -  45%). 


3CC 


Fig.  13.  The  tree  of  thermoelectricity  evolution  including  the 
use  of  optimal  functions. 


Time,  years 


The  aforesaid  nine  directions  for  thermoelectric  study 
do  not  include  all  the  problems.  But  tliey  are  tip  base  for 
creating  the  program  for  thermoelectric  investigations  in 
Ukraine.  In  this  program  several  scientific  centeis  of  NAS 
and  iiiiivcreities  are  mvolved. 

Tltis  study  range  is  far  out  of  one  country  interests. 
For  example,  they  are  the  matter  of  interest  of  J  apan,  where 
the  society  for  functional-gradient  materials  is  created. 

Volume  and  complexity  of  tliermoclectric  studies  is 
far  out  of  separate  scientists  or  separate  laboratories 
possibilities.  Hiat’s  why  the  desire  of  scientists  to  cooperate 
is  natural.  Tliat’s  why  ht  September,  1994,  tire  International 
Tliermoelectric  Academy  was  created.  In  the  Academy  the 
leading  scientists  of  the  USA,  Japan,  France,  Russia, 
Belarus, Moldova,  Kazaklistan  and  Ukraine  are  worlang 
together. 

Tlie  ahn  of  die  Academy  is  to  proinote  tiie  growtli  oi 
scientific  research  and  students  trahiing  in  thermoelectrics. 

Tire  Journal  of  Thermoelectricity  contains  mforination 
of  ITA  activity  and  for  publisiiing  the  results  of  scientific 
research. 
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THE  EXTRINSIC  THOMSON  EFFECT  (ETE) 

Richard  J.  Buist 

TE  Technology,  Inc. 

1590  Keane  Drive 
Traverse  Cily,  Miclugan  49686 

There  are  two  well-known  thermodynamic  effects  (with  no  magnetic  field  present)  that  give  rise  to  or 
enhance  the  cooling  effect  in  thermoelectric  (TE)  materials:  The  Peltier  effect  and  the  Thomson 
effect.  The  Thomson  effect  is  produced  by  a  Seebeck  coefficient  gradient  induced  by  the  temperature 
gradient  in  an  operating  TE  pellet.  This  paper  introduces  a  third  TE  cooling  effect  which  is  similar  to 
the  Thomson  effect.  It  is  similar  in  that  it  is  an  "extra"  cooling  effect  brought  on  by  an  artificially  or 
extrinsically  produced  Seebcck  gradient.  This  effect,  therefore,  shall  be  referred  to  as  the  Extrinsic 
Thomson  Effect  (ETE). 


Introduction 

The  principle  of  the  ETE  was  discovered  at  the  Borg-Warncr 
Research  Center,  Des  Plaines,  Illinois,  in  the  early  1960's.  It  was 
later  patented  by  Reich  [1]  in  1971.  Technical  papers  were 
published  on  this  subject  by  Reich  [2]  and  Buist  [3]  in  1972.  This 
effect  was  experimentally  verified  over  20  years  ago  at  the  Borg- 
Warner  Research  Center  but  was  strategically  not  promoted  and 
went  essentially  unnoticed  in  the  thermoelectric  (TE)  industry. 
Tims,  this  paper  is  a  re-introduction  of  the  ETE  in  an  effort  to 
advance  the  future  potentials  for  thermoelectric  cooling 
applications. 

Derivation  of  the  ETE 

The  discovery  of  the  ETE  was  matliematically  based  as  opposed 
to  laboratory  experimentation.  It  was  first  derived  "on  paper" 
and  subsequently  verified  by  experiment.  It  emerged  via  analysis 
of  the  fundamental  one-dimensional  thermodynamic  equation 
derived  by  Dornenicali  [4].  This  equation  expressed  the  thermal 
equilibrium  of  a  material  under  an  applied  electric  field. 

V®(kVT)  -  T(Je«  VS)  =  -Je^p  (1) 

Where: 

K  =  thermal  conductivity, 

T  =  absolute  temperature, 

Je  =  current  density, 

S  =  Seebeck  coefficient,  and 
p  =  electrical  resistivity. 

The  onc-dimensional  form  reduces  to: 

d/dx  (K  A  dT/dx)  - 1 T  dS/dx  =  -l2  p  (2) 

Where: 

X  =  dimension  in  the  direction  of  current  flow, 

A  =  cross-sectional  area,  and 
I  =  current. 

The  second  term  of  this  equation  can  be  expanded  as  follows: 

I  T  dS/dx  =  I  T  5S/6T  dT/dx  +  I  T  6S/5x  (3) 

The  first  term  on  the  right  hand  side  of  equation  (3)  is  the  well- 
known  Thomson  term: 

I T  5S/5T  dT/dx  =  Thomson  Effect  (4) 

The  second  term  in  this  expression  is  the  ETE  terra: 


I  T  6S/5x  =  Extrinsic  Thomson  Effect  (5) 

If  the  Thomson  term  is  of  the  proper  algebraic  sign,  it  will 
enhance  cooling.  Because  of  the  similarity  of  these  terms,  if  the 
ETE  term  is  non-zero  and  of  the  proper  algebraic  sign  it,  too,  will 
enhance  cooling.  That  is,  the  only  difference  between  these  two 
terms  is  that  in  one  case  the  Seebeck  coefficient  varies 
intrinsically  along  the  length  of  the  material,  while  in  the  other 
case,  the  Seebeck  coefficient  variance  is  extrinsic. 

Model  Description 

Although  rigorous,  the  equations  above  are  very  complicated  to 
solve,  given  the  tcmpcraturc-dcpcndcnt  nature  of  TE  materials. 
Therefore,  the  simple  but  equally  rigorous  and  accurate  TE 
cooling  calculation  method  presented  by  Buist  (SJ  was  used  to 
carefully  examine  the  nature  of  the  ETE.  This  modeling  process 
is  a  numerical  method  suitable  for  today’s  high-speed 
computational  technology  available  in  personal  computers.  It  had 
been  developed  to  accurately  quantify  the  TE  cooling 
performance  in  the  presence  of  temperature-produced  TE 
parameter  variances  in  an  operating  TE  pellet.  In  tliis  case, 
however,  it  provided  the  means  for  separating  the  intrinsic  versus 
extrinsic  effects  produced  by  parameter  variance.  As  such,  it  has 
been  employed  to  clearly  and  definitively  establish  the  nature  and 
some  general  principles  of  the  ETE. 

An  example  of  the  numerical  calculation  model  for  a  given  TE 
pellet  is  illustrated  in  Figure  1.  This  particular  example 
illustrates  how  the  TE  pellet  is  mathematically  dissected  into  20 
equal-sized  segments.  Actually,  80  such  segments  were  used  in 
the  calculations  described  herein  in  order  to  provide  a  very  high 
level  of  resolution  and  accuracy.  The  purpose  of  using  multiple 
segments  is  allow  the  use  of  "constant-parameter"  theory  which 
is  simple  to  use  and  easy  to  understand. 

The  calculations  proceeded  upward  from  the  base,  or  hot-side,  of 
tlie  TE  pellet  where  tlie  temperature  was  known.  The  detailed 
application  of  the  constant-parameter  equations  is  illustrated  in 
the  e.xpanded  segment  #7,  given  in  Figure  2.  Details  of  this 
calculation  process  was  given  in  the  paper  on  this  subject  by  Buist 
[5].'  It  had  been  shown  in  this  paper  that  this  calculation  method 
precisely  captures  and  accounts  for  the  "temperature-induced" 
Thomson  cooling  effect  and,  therefore,  would  also  model  the 
impact  of  extrinsically  induced  properly  gradients.  One  has  only 
to  artificially  assign  constant  values  of  S,  p,  k  (and,  therefore,  Z) 
for  each  segment  and  proceed  with  the  calculations  as  described 
in  the  above-referenced  paper. 
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Cold  Side 


Hot  Side  (27°C) 


Figure  1:  TE  Pellet  Thermal  Model  (20  Segments). 


Q7=Heat  into  Segment  #1 
{Q7=Q6  -I*(S7*T6-S7’i‘T7+I*R7)} 
T7=Absolute  Temperature  at  Top  Interface 
{T7=T6-(S7*I*T6+I*PR7/2-Q6)/K7} 
I=Electrical  Current 
S7=Seebeck  Coefficient  @  T6 
R7=Resistance  of  Segment  #7  @  T6 
K7=Thermal  Conductance  of  Segment  #1  @  T6 
T6=Absolute  Temperature  at  Bottom  Interface 
Q6=Heat  out  of  Segment _ 


Figure  2:  Example  Segment  #7  description  and  equations, 
Cakuhitions 

In  order  to  isolate  and  illustrate  extrinsic  effects  of  TE  material 
parameter  variance,  each  segment  of  the  model  was  assigned  a 
constant,  temperature-independent  set  of  S,  p,  and  k  parameters. 
These  data  were  selected  from  the  set  given  in  table  1.  These 
data  were  generated  subject  to  the  following  criteria: 

1 .  All  segments  of  all  cases  had  the  same,  exact  Z. 

2,  All  pellets  had  approximately  the  same  average  S,  p,  and  k. 

7.  Case  1  was  generated  by  holding  S  to  the  average,  constant 
value  for  all  segments  and  significantly  varying  p  and  k  from 
one-half  of  the  pellet  to  the  other.  This  was  done  keeping 
each  parameter  of  each  segment  within  a  given  half-pellet 
the  same  constant  value. 

4  Case  2  was  simply  the  reverse  of  case  1. 

'  Cases  3.  4,  5  and  6  were  similarly  generated  but  sequentially 
holding  p  or  k  constant  and  significantly  changing  S  from 
onc-half  of  the  TE  pellet  to  the  other. 


6.  Case  7  was  generated  by  holding  k  constant,  but  linearly 
varying  Seebeck  for  each  segment  of  the  pellet. 

7.  Case  8  was  similar  to  case  7  but  with  the  Secbcck  variance  in 
the  reverse  direction. 

Table  1 

TE  Material  Parameters 
Used  in  Calculation  Demonstration 
(Z=2.7  X  10'^  °K‘'  for  all  Segments  for  all  cases) 


Description 

Vg- 

mciils 

>CCl)Cl  k 

p\  '  C 

Rim 

(’MI 

Kappa 

W/in/'C 

1 

Const.  S/F 

1-40 

200 

10 

1.482 

41-80 

200 

20 

0.741 

2 

Const,  S/R 

1-40 

200 

20 

0,741 

41-80 

200 

10 

1.482 

3 

Const. k/F 

1-40 

250 

23.15 

1.0 

41-80 

150 

8,33 

1.0 

4 

Const.  k/R 

1-40 

150 

8.33 

1.0 

41-80 

250 

23.15 

1.0 

5 

Const.  p/F 

1-40 

250 

15 

1.543 

41-80 

150 

15 

0.556 

6 

Const.  p/R 

1-40 

150 

15 

0,556 

41-80 

250 

15 

1.543 

7 

Spccial/F 

1-80 

250-150 

15 

1,543-0.556 

_8 

Spccial/R 

1-80 

150-250 

15 

0,556-1.543 

Mathematical  models  were  constructed  for  each  of  the  cases 
indicated  in  Table  1  and  calculations  were  performed  in 
accordance  with  the  procedures  and  processes  as  described  above 
for  sequentially  selected  values  of  applied  current.  The  results  for 
Cases  1-4  are  given  in  Figure  3.  The  calculated  performance 
curve  for  Cases  1  and  2  were  totally  and  exactly  the  same.  In 
fact,  additional  calculations  performed  with  various  scenarios  of 
changing  p  and  k  throughout  the  pellet  had  no  effect  whatsoever 
on  the  maximum  AT  as  long  as  S  was  constant.  For  these  cases, 
the  maximum  AT  was  equal  to  the  well-known,  constant- 
parameter  expression,  ATmax  =  1/2  ZTc^,  This  is  very  much 
what  one  would  expect  for  constant  properties. 


Figure  3:  Cooling  Performance  Calculation  for  Cases  1-4. 


In  sharp  contrast,  the  cooling  performance  curves  for  variable  S 
were  greatly  affected  as  concluded  from  the  equations  and 
analysis  given  above.  Furthermore,  the  lower  ATmax  for  the 
reverse  case  was,  indeed,  consistent  with  the  algebraic  sign  of 
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extrinsic  Thomson  term,  equation  [5],  These  set  of  curves  also 
illustrate  the  fact  that  the  fonvard  direction  (Case  3)  produces  its 
ATmax  at  a  current  which  is  higher  than  what  would  be  predicted 
from  the  average  properties,  while  the  reverse  is  true  for  Case  4, 


0.0  0.2  0.4  0.6  0.8  1,0  1.2  1.4  1,6  1.8  2.0  2,2 


Non-dimensional  Current 


Figure  4:  Forward  mode  performance  calculations,  cases  1,  3, 

5,  and  7. 

Figure  4  is  a  similar  plot,  but  for  all  forward  cases  studied.  There 
are  several  interesting  effects  illustrated  in  these  four  cases.  One 
is  that  there  is  some  observable  difference  in  ATmax  for  when  k 
is  held  constant  versus  holding  p  constant  even  with  exactly  the 
same  S  variance.  Thus,  there  appears  to  be  some  secondary 
interactive,  but  minor  impact  of  p  and  k  variance,  not  at  all 
evident  whenever  S  is  held  constant.  The  more  dramatic 
obsen'alion  is  the  lower  ATmax  for  the  case  where  S  is  varied 
linearly  versus  the  step-function  mid-way  along  the  pellet. 


ConstS  Const.  R  Const  K  Linear  S 


Forward  CO  Reverse 


Figure  5:  ATmax  calculations  for  all  cases  studied. 

The  ATmax  results  for  all  8  cases  studied  are  summarized  in 
Figure  5.  Clearly,  this  is  dramatic  evidence  of  the  ETE,  ruling 
out  the  possibility  that  the  observed  enhancements  may  have  been 
caused  by  the  naturally  less  Joule  heat  produced  in  the  cold  half 
of  the  TE  pellet  where  p  is  low  when  S  is  low. 

Test  Data 

There  was  one  very  convenient  result  observed  from  these  study 
cases:  There  was  no  apparent  penalty,  and  perhaps  it  was  even 
desirable,  to  produce  ETE  enhancement  with  an  abrupt,  step- 
functional  variance  in  Seebeck  coefficient.  This  allowed  for  the 
fabrication  of  simple,  but  effective,  ETE  devices  by  soldering  TE 
pellet  segments  together  as  shown  in  Figure  6.  Alternatively, 
powder  metallurgy  can  totally  eliminate  the  extra  solder  interface. 
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Figure  6:  Segmented  design  for  ETE  couple. 


Single  test  couples  such  as  that  illustrated  in  Figure  6  were 
fabricated  by  simply  soldering  high  and  low  Seebeck,  N  and  P- 
type  segments  together.  This  work  was  performed  during  the  late 
1960’s  by  the  author  at  the  facilities  at  tire  Borg-Warner  P,.esearch 
Center  in  Des  Plaines,  Illinois.  Also,  High-S  and  Low-S  control 
couples  were  fabricated  from  homogeneous  pellets  extracted  from 
the  same  TE  material  wafers  as  those  used  to  form  the  segments 
of  the  ETE  couple.  All  couples  were  then  instrumented  with 
thermocouples  and  all  mounted  together  on  the  same, 
temperature  controlled  base  plate  witlrin  a  vacuum  system.  The 
base  plate  was  held  to  27°C  for  all  test  points.  The  vacuum  was 
held  to  approximately  5x10'^  Torr.  The  test  configuration  was  a 
large  bell  jar  with  no  radiation  shielding  employed  whatsoever. 
The  applied  current  was  stepped  sequentially  and  held  constant  to 
allow  for  steady-state  testing.  The  results  are  shown  in  Figure  7. 
Clearly,  these  tests  validated  the  existence  of  the  ETE  as  a  new, 
additive  TE  cooling  effect  with  performance  enhancement  far 
above  that  produced  via  intrinsic  means. 


Current  (Amps) 


Figure?:  Test  data  on  a  2-segment  ETE  couple  versus 
homogeneous  couples  fabricated  from  low  and  high  S 
TE  materials  from  which  the  ETE  couple  was 
produced. 

As  one  might  surmise,  the  ETE  is  increased  for  larger  and  larger 
Seebeck  gradients.  However,  the  penalty  for  that  is  lower  and 
lower  average  Z.  That  is,  there  will  be  some  Seebeck  value  for 
TE  cooling  material  for  which  Z  is  maximized.  As  Seebeck  is 
varied  left  and  right  of  this  maximum,  Z  falls  off,  thereby 
sacrificing  the  primary  cooling  effect.  It  is  nevertheless  true  that 
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the  ETE  is  so  large  that  is  produces  significant  overall  cooling 
enhancement  even  though  the  average  Z  is  sacrificed. 

In  order  to  further  enhance  cooling  performance,  a  three-segment 
TE  pellet  was  produced  and  tested  at  Borg-Warner  Research 
Center  by  inserting  a  medium  Seebeck,  high  Z  segment  in  the 
middle,  as  shown  schematically  in  Figure  8.  The  measured 
values  of  Scebeck  and  Z  for  each  segment  were  as  shown. 


COLD  HOT 


Figure  8;  Schematic  for  3-segment  ETE  test  pellet. 

This  was  a  single,  N-type  TE  pellet  and  was  tested  as  such  in  a 
vacuum  system  using  a  special  test  fixture.  It  provided  a  pre¬ 
cooled  electrical  connection  at  a  temperature  always  slightly 
above  the  cold  junction  of  the  test  pellet.  As  such,  the  cold 
electrode  was  assured  to  always  apply  a  slight  heat  load  to  the  test 
pellet  in  order  to  preclude  the  possibility  for  external  cooling  of 
the  test  pellet. 

The  test  results  of  this  3-segment  TE  pellet  are  given  in  Figure  9. 
This  produced  a  dramatic  maximum  AT  of  92.5°C  from  a  27°C 
hot  side  temperature  and  set  the  standard  for  a  whole  new  state- 
of-the-art  in  single-stage  TE  cooling  devices. 


Conclusions 

The  Extrinsic  Thomson  Effect  was  initially  discovered  on  paper 
by  simply  not  ignoring  one  of  the  terms  that  resulted  from  the 
fundamental  heat  balance  equation.  Like  many  good  discoveries, 
it  seems  simple  and  obvious  once  disclosed.  Nevertheless,  it  has 
gone  unnoticed  and  un-exploited  since  its  discovery  more  than  35 
years  ago. 

The  Thomson  effect  was  known  to  enhance  TE  cooling  because  of 
the  positive  dS/dT  slope  of  typical  TE  cooling  materials  near 
room  temperature.  Thus,  it  was  surmised  that  if  a  TE  pellet  were 
produced  with  an  artificially  produced  extrinsic  Seebeck  variance 
in  tlic  same  direction,  it  also  would  enhance  TE  cooling. 

Initial  experiments  proved  this  to  be  the  case  and  inhomogeneous 
TE  pellets  and  couples  were  produced  which  significantly  out- 
performance  any  homogeneous  TE  couple  even  today,  35  years 
later. 

Now,  with  the  precision  of  numerical  models  and  high-speed 
computers,  demonstrations  have  clearly  re-established  the  nature 
of  tlie  ETE  phenomenon  and  have  provided  the  means  for 
practical  device  design  optimization.  It  is  hoped  that  the  ETE 
can  be  exploited  by  all  Ihermoelcctricians  to  set  new  standards  for 
thermoelectric  cooling  for  the  challenging  years  that  face  our 
industry. 
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The  Distributed  Peltier  Effect  has  been  suggested  to  enhance  performance  of  cooling  devices.  In 
these  devices  the  n-  and/or  p-type  thermoelements  are  segmented  so  that  the  absolute  value  of  the 
Seebeck  coefficient  increases  from  the  cold  to  the  hot  junctions.  Calculations  are  presented  to 
quantify  this  effect  and  it  is  shown  that  for  the  case  of  the  best  known  materials  an  improvement 
of  10%  is  obtained  if  temperature  independent  materials  constants  are  used.  This  is  reduced  to 
about  4%  for  temperature  dependent  parameters. 


Introduction 

Peltier  cooling  devices  offer  refrigeration  with  no  moving  parts  and 
no  pollution  after  manufacture,  and  consequently  have  been  the 
subject  of  considerable  research  effort  over  several  decades.  The 
goal  has  been  to  achieve  high  coefficients  of  performance  or  large 
temperature  differences  whichcompare  favourably  with  conventional 
refrigeration  systems.  However  these  have  not  yet  been  realised  and 
Peltier  cooling  is  used  only  in  niche  applications. 

Of  primary  importance  is  the  development  of  new  semiconductor 
materials  of  both  n-  and  p-  types  with  the  highest  possible  figures 
of  merit 

(1) 

Kp 

where  a  is  the  Seebeck  coefficient,  k  the  thermal  conductivity  and 
p  the  electrical  resistivity.  Ideally  the  figure  of  merit  should  be  close 
to  its  maximum  value  over  the  temperature  range  of  the  element  of 
that  material  in  the  device.  At  present  the  highest  values  of  Z  are 
approaching  3. 9xlO'^K'‘  for  p-type  materials  and  about  20%  less  for 
n-type  materials. 

With  given  materials  it  is  important  to  configure  devices  to  achieve 
optimum  performance.  Considerations  would  include  the  shape  and 
size  of  individual  elements  and  variation  of  materials  properties, 
either  in  a  discrete  or  continuous  manner  within  the  elements. 

It  does  not  appear  that  the  shape  and  size  of  a  thermoelement  will 
affect  its  performance  in  the  ideal  case  of  zero  heat  absorbtion  from 
the  environment  (apart  from  the  ends).  This  conclusion  may  be 
drawn  from  the  results  of  Kawai,  Yoshida  and  Imai[l].  The  quantity 
of  heat  pumped  is  of  course  size  and  current  dependent. 

Variation  of  the  composition  of  a  thermoelement  from  the  hot  to  the 
cold  end  has  been  ^ggested  for  at  least  two  distinct  reasons.  Firstly 
the  values  of  the  materials  parameters  a,  k  and  p  are  temperature 
dependent  and  consequently  the  value  of  the  figure  of  merit  Z  will 
vary.  Grading  the  composition  to  maximise  Z  at  the  working 
temperature  at  each  point  along  the  element  should  improve  itsper- 
formanee  [2].  Secondly,  the  variation  of  composition  along  the 
length  of  thermoelements  in  such  a  way  that  the  absolute  value  of 
the  Seebeck  coefficient  decreases  from  the  hot  to  the  cold  end  will 
cause  cooling,  not  only  at  the  cold  p-n  junction,  but  also  at 
intermediate  junctions,  or,  in  the  case  of  continuous  grading,  along 


the  entire  length[3,4].  This  can  serve  to  reduce  the  heat  transferred 
to  the  cold  junction  from  hotter  parts.  The  heat  pumping  at  a  junction 
is  given  by 

/f=/a,2r  (2) 

where  I  is  the  current,  a|2  the  difference  in  Seebeck  coefficients  on 
either  side  of  the  juncdon  and  T  the  absolute  temperature.  For  a  given 
current  the  heat  pumping  is  greater  at  higher  temperatures.  This  could 
be  used  to  improve  the  performance  of  devices.  This  strategy  has 
appropriately  been  called  the  distributed  Pel  tier  effect  or  the  external 
Thompson  effect  by  Reich,  Stanley  and  Kountz  [5].  The  case  of  continuous 
grading  is  analogous  to  the  Thompson  effect,  but  with  a  variation 
in  a  due  to  composition  rather  than  temperature.  We  prefer  "the  distributed 
Pelder  effect”  because  the  Thompson  effect  is  essentially  due  to  temperatirre 
variation  and  the  Pelder  effect  is  due  to  variation  of  the  Seebeck  coefficient 
at  a  jimction  where  there  is  a  composition  change. 

In  this  paper  we  examine  the  usefulness  of  the  distributed  Peltier 
effect  on  cooling  devices.  In  order  to  separate  this  effect  fiom  tenrperature 
dependent  effects,  it  is  first  assumed  that  the  materials  constants  of 
the  thermoelements  are  temperature  independent.  Temperature  dependent 
effects  have  been  considered  and  these  are  also  presented. 

Physical  configuration  and  governing  equations 

A  conventional  Peltier  cooling  device  consists  of  a  p-type  thermoelement 
and  an  n-type  thermoelement  in  the  configuration  shown  in  figure 
1(a).  One  end  of  each  thermoelement  is  in  thermal  contact  with  a 
heat  reservoir  at  the  constant  hotter  temperature  T^  and  the  other 
ends  form  the  cold  junction  where  the  materials  ate  in  thermal  contact 
at  a  colder  temperature  T^.  The  electric  current  I  is  passed  through 
the  device  in  the  direction  shown  so  that  heat  is  pumped  from  the 
cold  junction  by  the  Peltier  effect.  In  order  to  use  the  distributed 
Peltier  effect  a  similar  device  is  used  but  each  of  the  n-  and  p-type 
thermoelements  is  of  varying  compoation  along  its  length.  The  composition 
change  may  be  continuous  or  at  abrupt  intermediate  junctions.  The 
Seebeck  constant,  a,  is  varied  around  the  circuit  so  that  it  decreases 
from  the  hot  p-type  end  to  the  cold  p-type  end.  It  then  becomes  negative 
at  the  cold  n-type  end  and  the  absolute  value  of  a  is  increased  towards 
the  hot  n-type  end.  In  figure  1  (b)  a  segmented  device  is  shown.  The 
case  of  continuous  grading  is  not  considered  further  here. 

It  is  assumed  that  heat  only  enters  or  leaves  the  device  by  one  of 
the  following  processes:  (1)  Joule  heating,  (2)  transfer  of  heat  to 
or  from  the  hot  or  cold  reservoirs  at  T^  or  T,,  respectively  and  (3) 
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is  calculated  on  the  assumption  that  under  these  conditions  zero  the 
heat  being  pumped  from  the  cold  junction  is  reduced  to  zero. 


The  governing  equations  are  obtained  by  considering  the  conservation 
of  heat  at  each  junction.  The  heat  pumped  at  the  cold  junction  is 


(5) 


and  the  conservation  of  heat  at  any  intermediate  junction  requires 
that 


(b) 


I 


Here  the  first  subscript  refers  to  tlie  n-  or  p-type  thermoelement  and 
the  second  to  the  segment  in  tlie  tliermoelement  numbered  from  the 
cold  end.  Hence 

,  q-n,p.  0) 

is  the  resistance  of  the  i’th  segment  of  the  n-  orp-type  thermoelement 
with  resistivity  ,,  length  1^ ^  and  cross-sectional  area  (considered 
constant)  of  Simihirly  the  heat  conductance  of  the  .same  segment 

is 

V 

Tne  temperatures  similariy  arc  referred  to  the  n-  and  p-type  thennoelonents 
and  the  junctions  are  nuntbered  from  the  cold  Junction  which  is  junction 
0.  Hence  T^o  =  Tp_o  =  T^  and  T,  j  is  the  temperature  of  the  i’th  junction 
from  the  cold  end  in  the  n-  or  p-type  thermoelement  etc.  In  the  case 
of  three  segment  thermoelements  j  =  T,,. 


Rgure  1  (a)  Simple  and  (b)  multiple  segment  Peltier  cooling  devices. 

Peltier  cooling  at  the  junctions  (including  the  intennedlate  ones  in 
the  n-  and  p-type  thermoelements).  Heat  losses/gains  to  the 
environment  by  radiation  etc  along  the  length  of  the  thermoelements 
is  assumed  to  be  negligible. 

The  coefficient  of  performance 

^  Heat  pumped  from  cold  junction  ^2^ 

Electricalenergy  supplied  to  system 


The  principle  of  equipartition  of  Joule  heat  [1]  has  been  applied,  in 
which  the  Joule  heat  generated  in  a  segment  is  assumed  to  be  conducted 
equally  to  both  ends  of  that  segment. 


It  will  be  seen  that  if  T,,,  T^  and  I  are  specified  as  well  as  the  Seebeck 
coefficient,  the  resistance  and  heat  conductance  of  each  segment, 
then  tliere  are  as  many  equations  like  equation  (6)  as  there  are  unknown 
intermediate  temperatures  T^j.  This  set  of  equations  can  then  be  solved 
and  the  values  of  the  intennediate  temperatures  determined.  The  coefficient 
of  performance  given  by  equation  (3)  becomes 


n 


(9) 


which  may  then  also  be  calculated  using  equation  (5). 


may  be  calculated  for  any  fixed  T,,  and  T^.  The  maximum  obtainable  On  the  otherhandifthe  theoretical  maximum  temperature  difference 
temperature  difference  for  given  materials,  T^  and  I  namely  ATforgivenTi,,  I  and  device  configuration  is  required  then  equation 

(5)  with  Ho  equal  to  zero  gives  an  additional  equation  and  with  the 
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set  of  equations  (6)  may  be  used  to  calculate  the  unknown 
intermediate  temperatures  and  T^. 


in  a  in  the  n-  or  p-type  thermoelement  is  advantageous.  There  must 
then  be  a  compromise  between  large  Z  for  each  segment  and  large 
variation  in  a  over  each  of  the  thermoelements. 


Deteimimtion  of  the  ideal  device  configuration 

The  ideal  device  will  consist  of  the  most  suitable  available  material 
for  each  segment  and  the  size  of  each  segment  in  turn  will  be  such 
that  the  resistance  and  heat  conductance,  as  well  as  the  electric 
current,  optimise  performance  in  a  desired  temperature  range. 


If  the  strategy  of  using  the  distributed  Peltier  effect  in  cooling  devices 
is  to  be  successful,  a  range  of  materials  must  be  found  witl)  the  highest 
possible  Z  and  a  large  variation  of  a. 


Results  for  double  segment  thermc^lements 


It  can  be  shown  that  both  the  maximum  coefficient  of  performance 
and  the  AT,^  for  given  materials  (ie  the  device  is  optimised  with 
respect  to  current,  segment  resistances  and  heat  conductances)  is 
dependent  only  on  the  values  of  a  and  Z  of  each  segment.  By 
combining  equations  (5)  and  (9)  one  obtains  for  the  coefficient  of 
performance 


In  order  to  show  that  in  principle  the  distributed  Peltier  effect  can 
lead  to  higher  coefficients  ofperformance  and  AT„,„  values  than  with 
simple  Peltier  cooling  devices  two  segment  p-type  thermoelements 
will  be  considered  witli  "neutral "  return  n-type  thermoelements,  i.e. 
with  no  heat  pumping,  electrical  resistance  or  thermal  conduction 
in  the  n-type  material. 


S  l\c 


«.1 


ITV- 


.  <Kr^c )  1 


(10) 


q-nj>  I 


where  V  =IR  and  R  is  the  sum  of  the  resistances  of  the  individual 
segments.  Further 


q=n.p 


(11) 


are  the  ratios  of  the  individual  segment  resistances  to  the  total  device 
resistance.  It  follows  that 


2  EF,,=1 


(12) 


The  equations  used  to  derive  the  intermediate  temperatures 
(equations  (6))  may  be  rewritten  in  terms  of  the  same  parameters 
to  obtain 


q,l  (^qj  "^qj-t  )  1 


Aj 
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q=n.p. 


(13) 


Cold  Temperature  (K) 

Figure  2  Coefficient  of  performance  against  T,..  Z=0.00342K'' 
in  each  case  and  a,,  a,  =  (a)  240,  240  (b)  205,  280,  (c)  195, 
295  and  (d)  180,  320  pV  K''. 


The  quantities  V  and  all  but  one  of  (because  of  equation  (12)) 
are  then  considered  as  parameters  which  are  varied  to  obtain  the 
maximum  coefficient  of  performance  or  the  maximum  AT,^„(. 
It  follows  that  and  AT^  are  dependent  only  on  Ti,,  a,,.,  and  Z,  ■, 
and  also,  in  the  case  of  t;^,  on  T;,.  The  device  is  then  manufactured 
with  the  appropriate  segment  lengths  as  determined  by  the  optimising 
parameters  F^^-,  and  operated  with  the  cunent  that  optimises  the 
performance. 

The  problem  remains  as  to  which  material  is  to  be  used  in  each 
segment.  It  is  clear  that 

l“«.oil^l%.il  •  (14) 

in  order  for  heat  to  be  pumped  from  the  system  at  each  junction. 
From  numerical  solutions  it  has  always  been  found  that  for  any  one 
given  o;,  i  the  performance  is  always  improved  when  Z(,  j  increases. 
It  is  also  evident  from  numerical  calculations  that  a  large  variation 


In  figure  2,  tire  effect  of  variation  of  Aa  =a2-<^i  at  constant  Z =0.00342 
K"'  is  shown.  In  all  cases  T^  =  300  K.  As  T,,  approaches  T^  all  the 
curves  coincide  widi  the  curve  (a).  The  intercept  on  die  temperature 
axis  gives  the  maximum  tlieoretical  AT.  It  will  be  seen  the  that  both 
the  coefficient  of  performance  and  AT„„„(  are  improved  as  Aa  Increases. 
However,  figure  2  sliows  a  liighly  idealised  situation  where  it  is  assumed 
that  high  Z  can  be  achieved  over  a  wide  range  of  a.  In  practice, 
of  course,  a  maximum  Z  will  be  obtained  for  a  specific  a  and  one 
needs  to  find  a  compromise  between  high  Z  and  high  Aa. 

The  system  of  Bi2Te3-Sb2Te3-Sb2Se3  pseudo-teniary  alloys  provides 
materials  with  tlie  highest  known  Z  values  for  cooling  devices  operating 
around  room  temperature  and  is  used  for  illustrative  purposes.  A 
curve  of  experimentally  obtained  values  of  maximum  Z  obtained 
as  a  function  of  a  is  shown  in  figure  3  [7]. 
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Seebeck  Coefficient  (  ^V/K) 

Rgure  3  Dependence  of  maximum  Figure  of  Merit  Z  on  Seebeck 
coefficient  a  [7],  For  the  values  Z  =  (a)  3.42,  (b)  3.3,  (c)  3.2 
and  (d)  3.0  ftV/K,  increasing  values  of  Aa  are  obtained. 

Figure  4  was  obtained  in  the  same  way  as  figure  2  but  using  Z  and 
a  values  from  figure  3.  There  is  hence  a  compromise  between  high 
Z  and  large  Aa.  Thus  for  curve  (a)  in  figure  4,  Z  is  at  die  maximum 
value  of  0.00342  K''  but  a,  =  a^  =  240  K'‘  as  indicated  by  the 

line  marked  (a)  in  figure  3.  This  corresponds  to  a  single  segment 
thermoelement.  Curves  (b),  (c)  and  (d)  correspond  double  segment 
thermoelements  with  increasing  Aa  but  decreasing  Z.  In  each  ca.se 
T,,  was  taken  as  300  K.  The  minimum  obtainable  T,,  is  again  given 
by  the  intercept  on  the  T,.  axis. 

It  will  be  seen  that  for  small  temperature  differences  less  than  60K 
(T,,  =  240K)  tliere  is  nothing  to  be  gained  by  the  additional  complex¬ 
ity  of  producing  segmented  devices.  However,  for  large  temperature 
differences,  coefficients  of  performance  can  be  substantially 
improved  by  using  even  two  segment  thermoelements.  It  is  furdier 
apparent  that  when  the  criterion  is  maximum  AT,  then  p-type  two 
segment  thermoelements  offer  an  improvement  of  up  to  some  12 
K.  The  improvement  using  three  segment  thermoelements  is 
approximately  a  furtlier  3  K.  These  values  are  somewhat  reduced 
when  the  n-type  thermoelement  is  included  because  of  tlie  lower  Z 
values  of  n-type  materials  in  this  system  of  alloys.  However  the 
calculations  lead  to  AT,,^^^  values  of  80.5,  86.5  and  88.0  K  for  one, 
two  and  three  segments  respectively  in  both  the  p-  and  n-type 
thermoelements. 


Effect  of  temperature  dependent  properties 

In  the  above  analysis  the  properties  of  the  thermoelements  have  been 
taken  as  their  room  temperature  values  in  order  to  isolate  tlie  effect 
of  the  distributed  Peltier  effect.  In  general,  however,  the  properties 
of  thermoelectric  materials  are  temperature  dependent.  In  order  to 
more  accurately  model  the  performance  of  a  device  based  on  the 


Cold  Temperature  (K) 

Figure  4  Coefficient  of  performance  against  T^.  (a),  (b),  (c) 
and  (d)  refer  to  the  Z  and  a  values  given  in  figure  3. 


distributed  Peltier  effect,  the  temperature  dependence  of  the  properties 
should  be  considered.  To  perform  calculations  for  thermoelectric 
coolers  in  which  the  properties  vary  with  temperature,  a  numerical 
method  was  used  which  was  based  on  a  finite  difference  technique[8] 
which  w'as  adapted  for  use  with  Pel  tier  couples  [9]  to  calculate  AT„,„. 
This  technique  malces  it  possible  to  perform  calculations  for  devices 
m  which  the  properties  of  the  tlrermoelements  vary  witli  bodi  posidon 
and  temperature.  For  the  sake  of  brevity,  only  the  results  of  these 
calculations  are  shown  here. 

Before  performing  AT„^  calculations,  models  for  the  variation  of 
thermoelectric  properties  with  temperature  were  developed.  Two 
different  forms  for  dre  relarionsliips  of  dieses  properties  were  investigated. 

For  the  first  approach,  a  semi-empirical  modelling  technique  was 
used.  Tlie  appropriate  functional  forms  for  temperature  dependence 
of  the  thermoelectric  properties  have  been  establi^ed  based  on  physical 
principles.  These  relationships  contain  a  number  of  essentially  adjustable 
parameters  which  were  subsequently  determined  by  curve  fitting  to 
experimental  data[9].  In  this  approach,  Fermi-Dirac  statistics  were 
used  to  describe  the  electronic  component  of  tlie  properties.  This 
model  has  been  referred  to  as  the  "exact  model". 

la  die  second  model,  simplified  linear  relationships  for  the  dependence 
of  the  thermoelectric  properties  with  ternperamre  were  assumed. 
These  relationships  were  obtained  for  the  desired  doping  level  by 
inteipolaling  &om  lin^  curve  fits  to  esq^imettel  data  over  the  tmijeiatuie 
range  200  -  300  K.  This  model  has  been  referred  to  as  the  "linear 
model".  The  linear  model  was  investigated  to  determine  if  it  was 
adequate  to  model  the  thermoelectric  properties  of  these  alloys  over 
the  limited  range  of  temperature  in  which  a  single-stage  Peltier  cooler 
typically  operates. 

Three  different  devices  were  considered  in  this  analysis.  The  first 
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was  a  conventional  Peltier  couple,  in  which  each  thermoelement 
consisted  of  a  single  segment.  Additionally,  calculations  were 
performed  for  two  segmented  Peltier  couples,  in  which  each 
thermoelement  consisted  of  either  two  or  three  segments.  These 
devices  do  not  represent  the  ultimate  optimised  which  may 
be  obtained  by  utilising  the  distributed  Peltier  effect,  but  they  serve 
as  a  comparison  between  the  calculation  methods.  The  room 
temperature  properties  of  the  segments  have  been  given  in  table  1. 


Table  1  Room  temperature  thermoelectric  properties  of  segments 
in  the  Peltier  coolers. 


p  mO  cm 

a  /rV/K 

K  mW/cm  K 

n-type 

1 -segment 

1.11 

-216 

13.7 

2-segment  (hot) 

2.54 

-272 

13.5 

(cold) 

1.11 

-216 

13.7 

3-segment  (hot) 

2.73 

-277 

13.7 

(mid) 

1.12 

-217 

13.7 

(cold) 

0.60 

-167 

16.8 

p-type 

1 -segment 

1.17 

223 

13.5 

2-segment  (hot) 

2.61 

285 

13.4 

(cold) 

1.17 

223 

13.5 

3-segment  (hot) 

2.60 

285 

13.4 

(mid) 

1.39 

238 

13.1 

(cold) 

0.70 

180 

16.0 

The  results  of  the  calculations  for  these  devices  using  both  models, 
along  with  the  results  for  the  temperature  independent  case  have 
been  presented  in  Table  2.  As  shown,  the  agreement  between  the 
exact  and  linear  models  was  quite  good  in  all  three  cases.  The 
difference  between  the  two  increased  as  the  number  of  segments  in 
the  device  increased,  but  the  disagreement  was  still  less  than  1  % 
for  the  three  segment  device. 


Table  2  Calculated  ATn,„  (in  K)  for  temperature  dependent  (exact 
and  linear  models)  and  temperature  independent  (room  temperature) 
materials  properties. 


Exact  Model 

Linear  Model 

Temperature 

Independent 

1 -segment 

78.9 

78.9 

80.5 

2-segment 

81.7 

81.5 

86.5 

3 -segment 

83.1 

82.3 

88.0 

The  results  indicate  good  agreement  between  the  two  temperature 
dependent  calculations,  indicating  that  the  linear  model  was  adequate 
for  this  analysis,  at  least  over  the  range  of  temperature  studied. 


While  the  agreement  between  the  two  temperature  dependent 
calculations  was  reasonable,  comparison  of  these  results  with  the 


temperature  independent  calculations  indicates  significant  differences 
when  the  thermoelements  are  composed  of  multiple  segments.  AT„,„ 
for  the  case  of  two  and  three  segment  devices  is  considerably  less 
using  the  temperature  dependent  calculations.  Nevertheless  even  with 
the  decreased  AT,„„  as  a  result  of  the  temperature  dependence  of 
tlie  parameters  an  improvement  of  3.2  degrees  can  be  expected  for 
a  three  segment  device  which  is  equivalent  to  an  improvement  of 
approximately  4  %  in  Z.  In  the  case  of  optimised  materials  and  geometry 
this  improvement  is  expected  to  be  considerably  enhanced. 

For  this  system  of  materials  the  reason  for  this  decrease  in  AT,^„ 
for  multiple  segment  devices  appears  to  be  the  result  of  the  trade 
off  between  an  irnprovement  in  Aa  when  temperature  dependence 
is  taken  into  account  and  a  decrease  in  Z  from  room  temperature 
to  lower  temperatures  [10].  For  the  single  segment  configuration 
with  constant  a  there  is  no  benefit  from  pumping  heat  from  mtermediate 
positions  on  the  thermoelement.  The  temperature  dependence  of  a 
(i.e.  the  Thompson  effect)  causes  an  improvement  in  AT„,jj  but  tliis 
is  more  or  less  cancelled  by  the  decrease  in  Z.  In  the  case  of  multiple 
segments  the  changes  in  a  are  not  significant  compared  to  die  built 
in  variation  of  a  of  the  distributed  Peltier  effect,  but  the  reduction 
of  Z  due  to  temperature  dependence  is  still  the  same. 

If  the  Distributed  Peltier  Effect  is  to  be  useful,  there  needs  to  be 
very  particular  attention  paid  to  the  variation  of  Z  and  a  over  the 
range  of  temperature  of  the  device.  It  would  appear  that  it  would 
be  beneficial  if  Z  peaks  at  some  median  temperature. 
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gradT  =  const^  IS  IT  CORRECT? 

Lev  P.  Bulat 

St. Petersburg  State  Academy  of  Refrigejution, 
Lomonosova  St.  9,  St. Petersburg,  191002,  Russia 

An  assumption  grad  T  =  const  is  discussed.  It  is  sliown,  that  generally  this 
assumption  leads  to  a  physical  absurd  results,  i.e.  to  unlimited  increasing  of 
electrons  energy.  It  was  found  that  only  consistent  taking  into  account  of  non¬ 
local  and  non-linear  terms  in  solving  of  the  kinetic  equation  gives  a  possibility 
to  eliminate  the  kinetic  integrals  diverges.  Thus,  the  non-locality  is  a  new 
limitation  mechanism  of  electrons  nmning  effect. 


1  Introduction 

In  a  traditional  thermoelectric  theory  it  is  always 
considered  that  a  temperature  gradient  sets  in  an 
every  sample’s  point.  But  in  fact,  a  temperature 
field  sets  in  a  sample  only  in  consequence  of  heat 
boundary  conditions.  It  is  also  necessary  to  take  in 
consideration  that  a  semiconductor  thermoelectric 
material  consists  of  a  number  of  quasi-particles  sub¬ 
systems;  elections,  holes,  phonons,  etc.  Moreover, 
we  have  to  speak  about  different  temperatrues  dis¬ 
tribution  of  every  kind  of  quasi-particles  in  a  sam¬ 
ple  [Ij.  In  addition,  heat  boimdary  conditions  may 
be  formed  separately  for  different  kinds  of  quasi- 
particles  [1] .  It  is  pointed  in  [1]  that  an  assumption 
gradT  —  const  is  no  correct,  at  least,  near  sample’s 
bomidaries  and  this  assumption  must  be  proved  in 
every  concrete  condition  for  specific  type  of  quasi- 
particles. 

So,  we  can  see  that  in  limited  samples  an  assump¬ 
tion  gradT  =  const  can  give  a  gross  error  in  con¬ 
nection  with  boundary  effects.  It  seems  that  the 
assumption  gradT  =  const  proved  to  be  correct  in 
massive  samples  if  it  is  possible  to  neglect  bound¬ 
ary  effects.  We  shall  demonstrate  now  that  this 
assumption  is  no  correct  in  any  case. 

Let’s  take  into  consideration  a  simple  phenomeno¬ 
logical  formulas.  We  shall  consider  a  sample  with 
only  one  type  of  quasi-particles.  We  can  use  a  linear 
equation 

div  q  =  jE  (1) 

for  determine  a  temperature  distribution. 


Here  q  and  j  are  a  heat  flow  density  and  a  cur¬ 
rent  density,  E  -  a.  gradient  of  an  electro-chemical 
potential  with  a  reverse  sign, 

j  —  aE  —  aagrad  T  (2) 

q  =z  —KgradT  +  ILj  (3) 

Kinetic  coefficients  fr(r),  q;(T'),  n(T)  are  functions 
of  temperature;  this  fact  follows  as  a  consequence 
from  a  microscopic  theory  of  a  transport  phenome¬ 
na  in  solids.  Moreover,  if  it  is  found  that  the  ther¬ 
moelectric  coefficient  a  (the  Peltier  coefficient  II) 
does  not  depend  on  a  temperature,  than  the  Peltier 
coefficient  II  (the  thermoelectric  coefficient  a)  must 
depend  on  temperature  in  accordance  with  the  for¬ 
mulae 

n  =  aT.  (4) 

So,  we  can  point  that  no  one  from  comiected  with 
thermoelectricity  kinetic  coefficients  may  be  inde¬ 
pendent  on  temperatrue  in  any  case.  As  it  follows 
from  (l)-(3),  it  is  two  reasons  of  non-linear  depen¬ 
dence  of  temperature  from  coordinates;  1)  presence 
of  electric  current  in  a  sample;  2)  dependence  of  ki¬ 
netic  coefficients  from  a  temperature.  We  can  see 
from  (l)-(3),  that  gradT  can  be  constant  only  if 
j  =  0  and  K  =  const.  So,  in  the  whole  lot  the 
assumption  gradT  =  const  is  not  correct  in  ther¬ 
moelectric  problem. 

We  shall  show  here  that  this  assumption  is  not 
only  imcorrected,  this  assumption  leads  to  physi¬ 
cally  absurd  results:  to  an  unlimited  increasing  of 
electrons  velocities  (an  electrons  runniirg). 
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Let  s  take  into  consideration  a  homogeneous  isotrop¬ 
ic  non-degenerated  semiconductor  with  a  standard 
band  structure.  An  electrons  concentration  is  not 
so  great,  it  means  that  it  exists  control  in  electron¬ 
ic  subsystem  [l]  (we  can  not  introduce  an  electrons 
temperature).  The  problem  is  one-dimensional,  i.e. 
a  phonons  temperature  and  electric  field  changes 
only  in  a:-direction.  Let’s  use  the  stationary  Boltz¬ 
mann  kinetic  equation  for  electrons 

where  m  and  p  —  electrons  effective  mass  and  their 
quasi-momentum,  S^f  —  a  collisions  term  (we  use 
the  units  system  with  the  electrons  charge  e  =  1 
and  the  Boltzmann’s  constant  kg  =  1). 

Let’s  expand  the  unknown  distribution  function 
of  electrons  by  the  Legendre  polynomes  [2] 

CO 

f{p)  ^  ^  fi{e)Pi{coB  9),  (6) 

(=0 

where  e  is  electrons  energy,  9  —  an  angle  between 
electrons  quasi-momentum  p  and  x-axis. 

After  expending  the  all  terms  of  equation  (5)  in 
the  series  of  the  Legendre  polynomes,  we  sliaJl  have 
inJimited  series  of  differential  equations  for  deter¬ 
mining  Than  we  shall  tear  these  series  and 

neglect  the  fi{e)  with  I  >  2.  Such  assumption  is 
called  “the  diffusion  assumption”  in  a  theory  of  hot 
electrons  [2].  This  assumption  is  correct  if 

—S.  <  1  (7) 

iS.  <  1  (8) 

=  ■-  —  the  non-local  length  [2],  Lp  —  the 
momentum’s  average  mean  free  path  of  electrons, 
Lt  =  \gradf\  —  ^  cliaxacteristic  length  of  the  tem¬ 
perature  change  [3-5] . 

In  the  assumption  (7),  (8)  we  have  the  two  equa¬ 
tions  for  symmetric  and  anti-symmetric  parts  of 
electrons  distribution  function 


P  dfi  ^  E  d 
m  dx  p^  dp 


(pVi)'  = 


The  equations  (9),  (10)  can  be  united  in  an  elliptical 
equation  for  determining  the  /o(e).  This  equation 
was  solved  by  using  the  perturbation  theory  with 
small  parameters  [2-5] 


3L|’ 


12  L|’ 


Le  —  the  average  cooling  length  of  electrons  [Ij. 

Let’s  suppose  that  electrons  energy  scattering  is 
realized  writh  acoustic  phonons  and  electrons  mo¬ 
mentum  scattering  is  realized  with  acoustic  phonons 
or  with  ionized  impurities. 

The  solution  in  a  zero  order  is  the  Maxwell  func¬ 
tion 

=  aoe-^.  (13) 

where  w  —  ,  and  the  solution  in  a  first  order 


+  Ca  Ai  (^/3(u;)  -  ^ 

+(1  -  r)  -  ^)  +  ^3  -l)  + 

-f-Ai  (in  m  —  2-t-21n2-|-C)^  — 


r  As  -w 


A  z  35 

+  -y 


where  C  -  the  Euler  constant. 


P  ^/O  j  £.^/o 
m  dx  dp 


r(l  -t- 1)  —  F-functions, 

A.  =  e^^[2(Z  +  (^-6W(f)'+ 

a,  =  A[2(z+3)(A)TzfA+ 
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and 


Uin  ~ 


1 


(21) 


Thus,  the  distribution  function  of  electrons  with 
large  energies  is  enough  deformed  when  e  -h-  oo. 
Tills  phenomena  is  well  known  in  theories  of  a  solid 
state  [6]  and  a  gas  plasma  [7],  Such  effect  called 
in  this  theories  as  the  electrons  running  effect  [6,7], 
The  electrons  miming  effect  can  be  proved  in  ki¬ 
netic  integrals  divergence  [6,7].  In  our  case  these 
integralB  have  a  form; 


A 


OO 

J  w‘j3{w)e~"“  dw 

0 


(22) 


(19) 


/  —  the  average  mean  free  path  of  the  electrons 
momentum  scattering  with  acoustic  phonons,  s  — 
a  soimd  velocity,  r  connects  with  the  electrons 
momentum  scattering:  in  scattering  v/ith  acoustic 
phonons  r  =  0,  in  scattering  with  ionized  impurities 


—  an  averaged  electrons  momentum  relajration 
time,  Vfr  —  an  electrons  momentum  relaication  fre¬ 


quency. 


3  Discussion 


We  shall  point  out  that  the  electrons  distribution 
function  (14)  depends  on  a  square  of  temperature’s 
gradient  and  a  square  of  electro-chemical  poten¬ 
tial’s  gradient.  It  means  that  the  electrons  distri¬ 
bution  function  has  a  non-linear  character.  Besides, 
the  distribution  function  depends  on  a  second  order 
derivative  from  a  temperature  and  from  an  electro¬ 
chemical  potential.  It  signifies  that  the  distribution 
function  is  non-local  one.  It  means  that  the  elec¬ 
trons  distribution  function  are  determined  not  only 
by  properties  of  a  sample  at  a  given  point,  but  by 
adjacent  points  as  well. 

The  energy  dependence  of  the  electrons  distribu¬ 
tion  function  (14)  connects  with  the  type  of  p  w 
function.  We  can  have  from  (15)  that 


e 

lim  P\vj)  =  — r 

U)-»00 


(10) 


But  successive  talcing  into  account  of  all  non-linear 
and  non-local  terms  in  expressions  (13),  (16)  leads 
to  the  elimination  of  the  kinetic  mtegrals  diver¬ 
gence. 

The  distribution  function  (14)  was  obtain  in  the 
first  order  on  the  parameters  (11), (12).  It  is  precise¬ 
ly  this  fact  that  explain  the  non-linear  aiid  non-local 
terms.  V/e  can  see  nov.^  that  it  is  tm  error  to  take 
into  consideration  only  the  non-linear  terms  in  (14)- 
(18)  and  to  neglect  the  non-local  terms.  On  the 
contrary,  it  is  incorrect  to  taJce  into  consideration 
only  the  non-local  tenns  and  to  neglect  the  non- 
lineai'  terms.  In  this  both  cases  we  have  a  physically 
absurd  results  as  unlimited  inci'easing  of  electrons 
energy.  We  shall  point  that  the  conditions  giving  a 
possibility  to  neglecting  of  the  first  order  terms  are 
discussed  in  [9j . 

in  the  assumption  when  non-local  terms  are  not 
taken  Into  account,  i.e.  in  assumption  gradT  = 
const  and  E  —  const,  and  gra  d(^  =  const,  the  diver¬ 
gence  remains.  Such  electrons  distribution  function 
was  received  m  [9]  and  this  function  leads  to  kinetic 
integrals  diverges.  The  direct  way  to  elimination  of 
diverges  is  taking  into  account  non-local  terms. 

The  transport  theory  of  hot  electrons  in  semicon¬ 
ductors  come  more  than  once  across  the  problem  of 
the  electrons  running  effect  [7].  It  is  known  that 
there  are  fev/  running  limitation  mechanisms  [7]. 

It  was  found  that  only  consistent  taking  into  ac¬ 
count  of  non-local  terms  in  solving  the  kinetic  equar 
tion  leads  to  eliminate  of  the  integrals  divergence. 
Thus,  we  can  say  that  the  non-locality  is  a  new  lim¬ 
itation  mechanism  of  the  electrons  running. 
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A  theoretical  calculation  of  this  problem  was  offered  in  the 
paper  [1].  The  expreason  for  the  calculation  of  the  electric  po¬ 
tential  in  a  rectangular  sample  was  obtained,  and  the  formulae 
of  the  difference  of  the  potentials  of  the  points  x=0  and  x=:l  on 
each  of  the  two  opposite  facets  were  worked  out  on  it’s  basis. 

=  AT  •  aii(/)  -  •  fi2  -  <8  •  •  73  (1) 

t^lU)  +  (2) 

J 

where  AT  is  the  difference  of  temperature  of  points  X  —  0  and 
X  1  (gradient  of  temperature  is  directed  along  the  coordinate 
X),  a  -  is  the  width  of  the  sample,  73  and  62  -  the  coefficients 
in  the  quadratic  dependence  of  the  transversal  component  of 
the  tenzor  of  ZeebeA  coeffident  from  the  coordinate  X: 

)  =  72  •  -I-  ^2  *  4-^3  (^) 

the  aign  ||  means  the  transversal  difference  of  the  potentials. 

On  the  basis  of  the  same  conclusions  [1]  it  is  possible  to  get 
the  expression  for  the  difference  of  the  potentials  between  the 
points  situated  on  the  opposite  facets  of  the  sample  with  the 


same  coordinate  X,  i.e.  for  the  transversal  difference  of  the 
potentials  (aign  JL). 

Ux  =  72  “  -h  63  •  X  ■{■  02  +  —  •  —  •  72  •  (^) 

0  <T32 

where  cn  and  crsa  axe  the  components  of  the  tenzor  of  condno- 
tivity  of  the  material. 

The  measurement  of  the  transversal  difference  of  the  poten¬ 
tials  for  three  different  coordinates  X  =  0,  X  =  and  X  =  h 
will  make  it  possible  to  calculate  the  parameters  of  heterogene¬ 
ity  73  and  ^3,  entering  also  formulas  (l),  (2).  In  particular, 
having  put  the  obtained  parameters  of  heterogeneity  in  the  ex¬ 
pressions  (1),  (2)  or  in  their  linear  combination  it  is  possible 
to  estimate  the  degree  of  correspondence  of  the  calculated  and 
measured  values.  The  experiment,  conducted  by  the  author 
brought  satisfactory  results  in  comparison  with  the  theory. 
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Tke  necessity  in.  materials  with,  various  properties  arose  with 
the  development  of  semiconductor  physics  and  with  the  enlarge¬ 
ment  of  semiconductor  electronics  application.  The  semiconduc¬ 
tor  propeties  mainly  are  conditioned  by  its  structure  and  degree 
of  heterogeneity;  consequently,  we  can  get  necessary  properties 
when  the  structure  of  material  is  conditioned. 

We  suggest  one  of  the  ways  of  setting  the  necessary  distribu¬ 
tion  of  impurity  iu  the  cotinium  of  semiconductor.  It  is  based 
on  two  crystallization  methods:  normal  and  zone.  It  consists  in 
the  following:  at  first  a  model  is  crystallized  normally  and  then 
it  is  recrystaUized  with  the  zone  directed  towards  or  parallel  to 
normal. 

Let  us  consider  the  codirected  recrystalliaation  on  the  basis  of 
[l].  It  is  possible  to  describe  this  process  mathematically  with 
the  differential  equation 


Conducted  experiment  proves  theoretical  calculations  which 
were  made. 


dC(x)  =  (1) 

where  1  -  the  width  of  the  zone,  L  -  the  length  of  the  sample, 
k  -  impurity  distribution  equilibrium  coeficient,  C  -  initial  im¬ 
purity  concentration.  This  equation  is  correct  on  the  segment 
X  <  L  — I .  On  the  rest  of  the  segment  the  impurity  distribution 
is  described  by  the  equation 


C(a:)  =  C(L-0-(^j  (2) 

It  is  impossible  to  solve  the  equation  (1)  analytically  in  the 
final  form  that  is  why  it  is  easy  to  solve  it  numerically  on  the 
computer. 

Below  you  can  see  the  algorithm  of  solving  this  equation: 

1.  6/0,  1,  L,  k,  dx; 

2.  C(0)  = - j — 2. .  ^  ja  calculated;  x=0; 

3.  dC(x)  is  calculated  by  use  formula  (1); 

4.  C(x-(-dx)=C(x)+dC(x); 

5.  x=x+dx; 

6.  C(x)=C(x-)-dx); 

7.  if  a:  <  L  —  /  return  to  point  3. 

We  substituted  the  result  C(L-l)  in  the  formula  (2)  and  count¬ 
ed  the  concentration  of  the  remaining  segment.  The  solving  of 
this  problem  is  illustrated  by  fig.  1.  Calculation  and  the  succes¬ 
sion  of  solving  of  this  problem  for  the  contrary  recrystallization 
is  the  same.  The  results  of  this  solving  are  illustrated  by  fig.  2. 

The  present  method  allows  to  get  the  materials  of  three  com¬ 
ponents  in  which  the  concentration  of  one  component  is  practi¬ 
cally  constant  and  of  another  is  visibly  changed  (fig.  1,2). 


Fig.  1.  Distribution  of  impurity  along  the  ingot  length  ai 
codirected  recrystallization.  (f  =  L/Z,  normal  crystallization: 
—  k=0.6,  -  -  -  k=5,  recrystallization  with  the  zone: 

- k=O.0,  ...k=5.) 


Fig.  2.  Distribution  of  impurity  along  the  ingot  length  it 
contrary  recrystallization.  (f  =  LfZ,  normal  crystallization: 

—  k=0.6, - k=5,  recrystallization  with  the  zone: 

-.-k=0.6,...k=5.) 
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Th.ermoeleotrio  fLgur"®  of  merit  of  nondegenerate  semiconductor  sub- 
micron  films  is  obtained  In  twotemperature  approximation.  It  is  shown 
that  it  value  can  b©  miich  more  than  ixi  the  bulk  semple.s. 


It  is  well  knov'm  that  biilk 
nondegenerat  e  semiconductor  h£’.v© 
highly  small  ve,1u©  of  thermoelect¬ 
ric  figure  of  merit  2e=dro/ («S  t ) , 

P  ^ 

where  d  is  the  koefficient  of  ther¬ 
moelectric  power,  0  is  electz’ical 
conductivity,  phonon 

(electron)  thermal  conductivity. 
Mainly  it  is  based  on  the  large 
value  in  comparison  with  c2^.  It 

leads  to  that  the  phonon  h©a.t  flus 
is  excess  of  electron  heat  flus 
essentially  so  only  trifling  part 
of  heat  transforms  to  the  useful 
work. 

The  sitiAation  can  be  changed 
in  the  semiconductor  layers  'with 
the  thickness  2(1<\ ,  \’?her©  I  is  the 
scale  of  the  electmn-phonon  energy 
it enaction  length,  referred  to  as 
the  cooling  length  (the  typical 
magnitude  of  th©  cooling  length  ar® 
-2  -3 

10  +10  sm  in  semioonduotors ) . 

Really,  -using  th©  correct  pro¬ 
cedure  of  formulating  separately 
bo-undary  conditions  for  both  sub¬ 
systems  of  qxaaBlpsn'tioles  (elect¬ 
rons  end  phonons )  [  1  ]  ,  w®  can 

obtain©  that  in  submioron  Isyers 
(2g<Z)  elect  r  on  ”  s  end  phonon "  s 
tempera ttJrs  are  different  Iri  any 
point  of  semiconductor  sample  C23. 
It  gives  the  possibility  to  very 
heat  ilxxxes  by  variation  of  boun¬ 
dary  oondi-tlons  and  thus  to  r©dia.ce 
the  phonon  flux. 

Let  an  Isotropic  sersiloonductor 
of  finite  dimensiona,  has  th©  shape 
of  a  parallelepiped  with  end  faces 
at  X=  ±(2  in  contact  with  constant- 
temperature  chambers  kept  at  diff©- 


th©  side  faces  are  assxxned  to  be 
adiabatlcally  Isolated  for  all  the 
Quasiparticle  subsystems.  The  samp¬ 
le  is  closed  by  an  external  metal 

resistance  i?  of  length  2&,  so  that 
m 

a  thermoelectric  cvirrent  J  flows  In 
th®  circuit.  It  is  ass\xned  that 
boiandary  conditions  for  the  elect¬ 
ron  and  phonon  subsystems  satysfy 
the  most  general  heat-conduction 
conditions  of  this  kind  [3]  (known 
as  the  boundary  conditions  of  the 
second  kind) : 


VJT-T, 


f 

e  ■‘2.1 


'  x=±  a 


Here  X  and  X  are  the  elect- 
e  p 

ron  and  phonon  thermal  conductivi¬ 


ties  s  n  =n  -  n 


where  H  and  n  ar^ 
s 


the  b\ilk  and  Peltier  coefficients; 

11  and  T]  are  the  coefficients 

*e  *P 

describing  the  efficiency  of  heat 
transfer  between  the  electron  and 
phonon  subsystems,  on  the  one  hand, 
and  the  const  ant -temperature  cham¬ 


bers,  on  the  other;  i  is  the 

P 

phonon  temperature. 

The  temperatiares  ^  can  be 

e  ,p 

foxmd  by  solving  the  ener^r  balance 
eqxaations  for  electrons  and  phonons 
[3],  which  allow  for  the  possibi¬ 
lity  of  heating  of  q\xaslpartlcles 
by  th®  thermoelectric  current  flo¬ 
wing  in  a  closed  circuit ; 


r«nt  temperatures 


.and  f™  (T^>T^ 

1  £0  1  ^ 


(3) 


-P(T  -r  )=  0 

'  e  p' 


%-^e  e  i  .  (5) 


ajnd  P  is  a  paT’amster  repz*es©ntiii® 
the  strexigth  of  the  eleotron-phonon 
±nt  erao  t ion . 

The  solution  of  the  system  ( 1 ) 
obtained  in  an  appixjsliaatlon  which 

is  linem’  in  terms  of  t=iT^--T^)/ 

i  ?’”=  (T^  ■fT'g  )/2  ]  is  as  follows: 


f 

©oP 


diC^th  ok  t 


8(H-£^thaS))5  -  7e.p(£*-«p)  * 


sii  fci'1 
oE"aS 


(jn.  I"  X 

Y~  jz~'^  a(1t|^th  OM)^  t 


six  kX 


a&)(li-C.  ok)- 


+6(1-f|pth  o&)(1+C^  ak)i 

A!r=T,-f^?f  ='n  /(%  J?)s 

1  2'^0,p  '©,p'  '  e.p 

;k^  =P/%^  I 

©  P  ©oP  ©eP 

Q={k  /k.f=X/X  ?  T  =1sT  (0) 

pe  ©p  e  p 

In  spit©  of  th©  fact  that  iii 
the  approximation  linear  In  t  we 
oan  ignore  the  term  J{(M/dX)  in 
Eq.(3).  th©  solution  given  by 
Eq.(7)  for  J  /  0  (closed  circuit) 
is  not  identical  with  the  corres¬ 
ponding  expression  given  in  Ref, 4, 
We  shall  define  the  ovurrent  J 
using  the  Kichhoff  law  [3],  If  we 
ignore  the  value  of  in  the  metal 
part  of  the  circuit,  w©  find  that 
integration  over  the  closed 


circuit,  including  the  oonte.ots. 
redpices  to 


r  -a^  A  dr 

iim  J  d  — ^dr  4 

[a-o  -a- a  dx 


a  dT  a+A  dT  1 

4  X  c4  —  dxtlim  X  d  —  dxl 

-a  dx  ii-oO  a-A  dX  j 


=-[d  (ri  -T,)^ 

a  e ' x=~a  1 


where  ods=lim  o(,  is  the  thermoeleot- 
A-f>0  ^ 


rio  power, 


is  the  average  value 


of  the  thermoelectric  power  at  the 

contact  between  th©  semiconductor 

and  th®  metal.R=f?„+l?  ;R=2a/0  42/0 
O  m  O  s 

is  th©  reslstenoe  of  the  semicon¬ 
ductor  sample,  O  is  the  electrical 
oondu-otivity  of  this  sample.  Os  is 
the  surface  conductance  of  the 

sample.  R  =2t)/0  ,  and  O  is  the 
mm  ra 

conductivity  of  the  metal  part  of 
the  circuit . 

Combining  Eqs.(7)  and  (9),  we 
obtain  the  expression  for  the 
current  dens i ty 

(1  -6)o£s46g( 

J  - - -  at,  (1C) 

and  it  is  natxaral  to  call  R^=2dJ  (cd4 
4o(  Peltier  resistance, 

6=1-Z"^  [14£  th  th  ok)- 

'  ©  V 

-(e^-Cp)  th  ok]  (11 

7=Z“^[6(14|  th  al2)4 

4(14^  ak)thak/ak].  (12) 

p 

Going  back  to  Eq,  (7)  for 
temperatvire  and  substituting  in  it 
the  expression  (10),  we  obtain  the 
following  final  expression  for  the 
teiaperatures 

AT  fx  r 
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X 

+5(1-fA<)  Gfe))— 

Hex^ 


2(^  (l--p)oCg-fPoC 


s  (H'lpak)B  T)^/(%^le)g 

T)g=T)^~2nA,(1  +  Cp  Gfe)  (14) 

Th.®  Qusmtiijy  Tj*  gov©r-2is  the 

&ff©otiv©  value  of  ■fcii©  oo®ffioi©nt 
that  determines  th.©  rat®  of  b,©at 
transfer  between  electrons  and  the 
const  ant -temperature  ohaiabers  .  It 
should  b©  noted  that  it  depends 
paremetrlcally  on  the  resisteaio©  of 
the  external  load. 

Let  us  go  to  th®  limit  of 
submioron  films  e.l,  let  lAS  assuss® 
that  fta  «  1  ,  In  this  o&a®  th© 

expressions  (13)  tends  to  th© 
follow  systems 

g.  1-5- A.  yhf 

T^=  r-|l-5-  ^  (15) 


where  ^  =0T)  (32  =^0  )  is  ©leotron 

es  ps  p 

(phonon)  surfac®  heat  oonduotiTity , 
We  can  see  that  electron  end 
phonon  temp©raohurs  are  ind©p©dent 
in  submicron  f  ilms  and  don '  t 
coincide  anywhere  generallyo  It  is 

clear  that  T  f  ±± 

P 


3E  «  32 
ps  P 


(17) 


This  is  mean  that  heat 
exchange  of  phonon  gas  is  slightly 
effective  with  th®  thermostats,,  th© 
large  value  of  bulk  heat  conducti¬ 
vity  eq\iEilizes  th©  t ©mpera t'snr'©  Tp 
along  the  sample  at  th©  same  tiia©. 
If  the  condition  (17)  takes 


place  the  V?*  «  vT  .At  the  same 

P  e 

tlme„  since  32  »  ^  the  correla- 

P  ® 

tion  between  both  electron  axid 
phonon  fluxes  is  determined  by 
parameter  32  /S£.  (if  the  both  con- 

^3  ^ 

ditions  as  (18)  so  32^  /82^  »  1  take 

es  e 

plao® ) ,  Q  «  (1^  if  32  «  ,  and 

i  ■'  -Sp  'ig,  ps  e' 

h©®,t  fltjs  will  flow  along  electron 


Supposing  the  phonon  boundary 
conditions  as  adiabatioal  w©  can  to 
get  the  efficiency  of  submioron 
thermogenerating  laer  as  [5] 


2LT 


(1-8-p)-«-T2(Up) 


X 


32j)^(a|r^  (i-fQ)-5-y2(i-Q)j« 


r  (1-p)Os-5-pok.2  ^ 

«h}}  ('8) 

where  ) 

In  the  Isotermio  limit  (32  » 

©s 

8£^ )  th©  expression  (20)  tends  to 

T|-T]^[1-5-(42  T)"'*]"''  (19) 

©  S 


Eei^©  Y) 
0^O„ 


is  Camo  efficiency, 
thermoelectric  figure 


of  merit  of  submicron  film. 

Term  Z  doesn’t  content  the 
s 

phonon  heat  conductivity  so  the 

ratio  Z  /2_  »  1  . 
s  © 

This  inequality  demonstrates 
subisiicron  films  as  a  perspective 
materials  for  thermoelectricity . 
References 

[13»  Granovski  M.  Ja.  „  Gvsrevich 
Tu.G.o  Pis.  Telm.  Poluprovodn.  , 
1975„v,9.K.S.p,po  1552-1554. 

[2 3 -Logvinov  G.N, .Piz .Tekn.Po- 
luiorovodn-o  1991,  v,  25,  NIO,  p.p. 
1815-1818. 

[3  3-  G'orevich  Yu.G.  ,  Logvinov 
GoMo,  Fiz,  Tekn.  Poluprovodn. ,  1992 
V. 26, Ell,  p.p. 1945-1951 . 

[4]  -P .G.Bbss ,  V.S.  Bochkov  and 
Yu .  G  -  Gux'Svioh ,  Electrons  and  phonons 
•in  Boxmded  Semiconductors , Moscow, 

1  984 . 

[5] -  Logvinov  G,N.,  Izv©stl;}a 
viazov.  Plzlka.  1 993 ,W9„p  .p .  68-72  . 


319 


COMPUTER  MODELLING  OF  THERMOELECTRIC  MATERIAL 
ANISOTROPIC  POWDER  STRUCTURES. 


L.I.Aiiatychuk,  S.V.Meliiychuk,  S.V.Kosyacheiiko 
Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 


Tlie  computer  simulation  method  was  used  for 
investigation  of  anisotropic  materials, consisting  of  pressed 
powder  layers.  The  influence  of  porosity,  texture  and 
number  of  layers  on  effective  tliermoelectrical 
characteristics  was  studied.  It  was  found  the  possibility  to 
control  the  anisotropysm  of  such  samples  properties. 

When  we  consider  pressed  semiconductor  samples 
it  is  often  necesseiy  that  their  texture  to  be  taken  into 
account.  The  properties  of  pressed  powders  are 
anisotropic  because  of  the  texture.  Such  samples  can  be 
treated  as  a  heterogeneous  media. 

In  order  to  estimate  heterogeneous  media 
pennissible  lunits  from  appllied  problems  point  of  wiew  it 
is  necessary  to  know  the  effective  kinetic  coefficients 
which  macroscopically,  take  into  account  real  distortions 
of  fields  and  flows  m  a  sample  due  to  space 
inliomogeneity.  In  this  work  we  determine  effective 
kinetic  coefficients  for  heterogeneous  layered  media  tliat 
represent  a  set  of  two  material  alternatuig  layers  being  in 
ideal  thermal  and  electrical  contact.  Each  layer  is  a 
pressed  powder  made  of  anisotropic  crystallites  with 
crystallographic  axes  prhnarily  along  macrolayer  planes. 

It  is  assumed  that  thickness  of  a  layer  is  much 
greater  than  thecorresponding  free  path  but  much  less 
than  thickness  of  the  sample.  This  assuption  allows  us  to 
neglect  the  boundary  conditions. 

We  also  assume  that  anisotropysm  of  the 
constituent  materials  is  discribed  by  tensors  of  the  form 


a  = 


yx 

0 


"xy 

0 


0 


where  z-axis  is  perpendicular  to  layer  plane. 


(1) 


1.  Simulation  of  Bi2Te3  type  powder  and  calculation  of  its 
effective  cliaracteristics. 

Bi2Te3  type  materials  are  characterized  by 
existence  of  cleavege  planes  along  which  crushhig  occurs. 
This  is  the  cause  of  appearance  of  texture  m  pressed 
samples  (mainly  in  the  region  of  contact  with  a  base)  This 
is  why  for  the  simulation  method  proposed  ui  [1]  it  is 
more  convenient  to  use  rectangles  (  Fig.L,  Fig.2.  ) 


Fig.l 


Fig.2. 


Calculation  of  effective  kinetic  coefficients  was 
carried  out  by  the  "random  walks"  method.  Tie 
calculation  is  based  upon  relationship: 


=  +  +Dy),N  as  (2) 

is  meansquared  displacement  of  a  particle;  Di  is 
diffusion  coefficient  along  i-axis;  d  is  space  dimension. 

Relationship  (2)  relates  meansquared  displacement 
of  a  particle  to  its  diffusion  coefficients.  Conductivity 
was  determined  with  the  help  of  the  Einstain  relation 

a,  =  A:(l  -  <1))A  (3) 
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where  O  is  medium  porosity,  k  is  a  proportionality 
factor. 

Tlic  calculations  were  carried  out  for  a  large 
number  of  random  points  (10^  ).  Each  point  started  its 
motion  from  randomly  chosen  medium  ponits.  Every  step 
of  the  particle  has  a  fixed  value  along  ciystallograplric 
axis.  And  it  varies  with  orientation  of  the  axis,  (the 
orientation  is  specified  for  each  crystallite  when  tlie 
structure  is  formed).  Tire  only  steps  that  arc  allowed  are 
those  between  the  points  belonging  to  a  semiconductor. 
Motion  in  pores  and  jumping  through  pores  are 
forbidden.  Cyclic  boundary  conditions  were  applied. 
Diffusion  coeficient  was  averaged  over  a  number  of 
random  points. 

Calculations  of  thermal  conductivity  coeficicnts  for 
such  media  were  also  done  by  formulae  (2)-(3).  In  domg 
this  we  took  into  account  that: 

1.  The  step  of  a  moving  particle  was  increased 
proportionally  to  a  phonon  free  path. 

2.  Motion  in  pores  in  smaller  "isotropic"  steps, 
proportional  to  thermal  conductivity  of  pores  filler. 

Fig. 3-4  show  the  results  of  calculations  of  Bi2Te3 
pressed  powder  electrical  and  thermal  corrductivity  with 
its  texture  being  taken  into  account.  For  this 
senticorrductor  thermal  and  electrical  conductivity  arc 
anisotropic  whereas  thermo-power  coeficient  is  isotropic. 

Fig-3. 
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Fig.  4. 
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Fig. 3  shows  the  dependence  of  relative  values  of 
thermal  and  electrical  conductivity  on  powder  porosity 
for  samples  with  the  same  texture.  In  tliis  case  the 
behaviour  of  relative  conductivities  along  both  principal 
ciystallograplric  axes  will  be  the  same.  Fig.4  show  the 
graphs  for  ax  and  oy  for  the  case  of  the  same  porosity 
samples  but  the  different  texture  (different  value  of 
particular  crystalite  axis  displacement  from  the  axis  of 
principal  direction). 


2.  Calculation  of  effective  kinetic  characteristics  of  layered 
powder  structures. 

Calculations  of  effective  values  of  kinetic 
coefficients  was  carried  out  by  two  methods.  For 
heterogeneous  media  the  method  [2]  was  used,  whereas 
for  composite  structure  calculations  were  done  by  the 
discribed  above  method  of  computer  sunulation. 

Heterogeneous  material  represents  a  set  of 
alternating  layei-s  of  two  different  materials.  We 
considered  two  possibilities: 

1.  Semiconductor  material  with  different  porosity 
was  the  materials  for  laycre 

2.  Two  different  semiconductoi-s  were  used. 

The  calculation  formula  are; 


Pt  =  (P«)  +  •  ^2  .  [/l(p^^  -  +  Pl(a»>  - 

pt  =  {py.)  +  dl-d2.  [ti(p';^  -  +  Fl(a;‘’  - 


(4) 


F1  =  (c1(-k^)-/1-5^^)/A, 

^  ~  Pyy{~^xx^  ~  ^yx  '  ^xy  > 

where  P. 

a  =  dl-  +  d\  ■  , 

c  =  p>”-p>^/i  =  n™-niL’i 

d\,  di  are  partitil  volumes  of  particular  components; 
n  is  the  Peltie  coefficient  tensor 

<  =  -^dl-d2.  [f2(p^^.  -  p®)  +  P2[a^^  -a®)], 

^  (^) 

<  =  K)  +  •  <^2  .  [f2(p;;^  -  +  P2(4^>  -  a®)] , 

4  =  {%)  +  •  ^2  •  [-F2(n^^  -  n® )  +  ?2(4>  -  K® )] , 

(7) 


angle 
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<4x  =  +dl-d2-  [p4(p^^  -P^^]  +  ^4(4^'  -  4*  )| , 

k;{  =  4^)  +  rfi.d2.[-P4(n|^)  -ng))  +  P4(4«  -Kg))]/  ^ 

P%  =  pg)  +^1.^2.  [F3(pg  -  pg))  +  P3(ag)  -  ag>)| , 

4  =  4  -*-  •  ^2  •  [P3(pg  -  pg))  +  P3(ag>  -  ag))|  /  ^ 

P2  =  (c2(-K„)-/2-a  )/A, 

(11) 

c2  =  a<‘)-a‘^)  /■2  =  k^^) -K<‘) 

Tliese  relationships  were  used  to  set  up  a  computer 
program  for  calculation  of  layered  structures  containing 
arbitrary  number  of  arbitrary  thikness  layers  of  two 
different  materials.  Algorythm  of  n-layered  system 
calculation  consists  in  replacement  of  n-1  -layered  system 
witlr  one  layerfor  one-layered  one,  with  effective  averaged 
parameters  and  total  thickness  with  added  a  new 
homogeneous  layer. 

We  considered  the  case  of  Bi2Te3  for  monocrystals 
with  isotropic  tliermo-e.m.f.  and  anisotropic  thermal  and 
electrical  conductivities.  Results  of  calculations  of  a,  k,  p 
for  2-layered  system  are  shown  in  Fig. .'5-7.  The  second 
layer  is  a  monocrystal  (porosity  =  0). 


Fig.5  Dependence  of  thermo-e.mf.  on  2-layered  composite 
(porosity  of  the  2-nd  layer  is  0). 
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Similar  calculations  were  carried  out  for  various 
cases  when  porosities  of  alternating  layers  vary  m  the 
interval  from  0  to  0.5  and  number  of  layers  can  be 
arbitrary.  The  results  show  that  thermo-e.m.f.  tensor 
coefficients  are  not  depend  of  the  number  of  layers  and 
porosity  values.  Q  qualities  Zxx  and  Zyy  decrease 
gradually  with  porosity  growth. 


Fig.  6  Dependence  of  thermal  conductivity  on  porosity 


Fig.  7  Dependence  of  resistance  on  porosity  for  2-layered 
system  (porosity  of  the  second  layer  0) 


Let  us  consider  the  case  of  alternating  layers  of 
two  different  porous  materials  tliat  differ  in  ccnductivity 
type  arrd  consequently  in  the  sign  of  thermo-e.m.f..  Fig. 
8-11  show  dependences  of  thermoelectrical  characteristics 
and  Q-qualities  on  odd  number  layer  porosities, even 
number  layer  porosities  beiirg  fixed. 

Diagonal  components  cr,  k,  a,  have  morrotonous 
dependence  on  porosity.  Kxx,  oixx  ^nd  pyy  are  not  changed 
witli  a  number  of  layers  mcrease  whereas  Kyy,  ayy  and  p^x 
are  greatly  depend  on  the  number  of  layers. 
Themioelectrical  Q-quality  is  monotonously  dependent 
on  porosity  as  the  number  of  layers  increases.  Difference 
Zxx-Zyy  is  greatly  depend  on  number  of  layers  (Fig.  11), 


Finally,  we  consider  the  case  of  orientation  of 
laboratory  frame  reference  axes  being  diffemt  from  that 
of  crystal  symmetry  axes.  In  this  case  the  kinetic 
coefficients  tensor  has  a  form  (1).  After  averaging  by 
formulae(4-9)  we  find  tlie  effective  values  of  tensor 
components  depending  on  porosity  of  materials,  number 
of  layers  and  dip  angles  of  semiconductor  material  texture 
axes.  Tlie  results  of  calculations  for  nondiagonal 
components[3] 


are  shown  in  Fig.12-14 
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We  assumed,  as  before  ,that  adjacent  layers  have 
different  conductivity  type.  In  the  case  of  identical 
conductivity  of  layers  Zxy  =  0  for  arbitrary  porosity. 

Tlrerefore  we  are  able  to  alter  material  effective 
thermoelectrical  characteristics  in  quite  wide  range  by 
altering  the  texture  axis  slope,  porosity  of  material  and 
layer  thickness. 

References; 

[1] .L.I.Anatychuk  ,S.V.Kosyachenko,  S.V.Melnychuk, 
V.M.Chernov,  Theory  for  optimization  of  thermoelectric 
powder  materials.  Thesis  on  13  International  conference 
on  thermoelectrics.  Kansas  City,  USA,  August  30- 
September  1,  1994. 

[2] .  r.C.FyaKHH  ,  E.K.HopflaHHmBmiu  ,  B.A.KyaHHOB  , 
E.3.tI)HCKHHfl,  TepMoaneicrpHuecKHe,  ranBBaHOMarHUT- 
HBie  H  xepMOMarHHTHBie  cBOHCXBa  xexeporeHHBix 
cjioHCXBix  cpefl.I,  0Tn,  1982,  x.l6,  N9,  c. 1620-1624. 

[3] .  r.C.ryuKHH,  E.3.0HCKHna,  TepMOOJieKxpmecKHe, 
rajiBBaHOMarHHXHtie  h  xepMOMarHHXHue  CBOHCxna 
rexeporeHHBix  cnoucxBix  cpea.II,  OTII,  1984,  t.18,  N2, 
c.234-237. 


324 


THERMOMAGNETIC  PHENOMENA  IN  RANDOMLY 
INHOMOGENEOUS  SOLID  STATE  SYSTEMS 
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Kiev,  252022,  47,  pr.Nauki,  Ukraine 

The  theory  of  the  thermomagnetic  phenomena  in  randomly  inhomogeneous  solid-state  media,  within  of  a  method  of 
effective  medium  in  a  square-law  on  a  magnetic  field  approximation,  is  developed.  General  system  of  equations  for 
calculation  of  effective  thermopower  tensor  components  changes,  caused  by  a  magnetic  field,  is  obtiiined. 
Calculations  are  carried  out  for  systems,  consisting  from  random  high-  and  low-conducting  components.  Are  found 
dependences  of  antisymmetric  part  and  changes,  caused  by  a  magnetic  field,  of  symmetric  part  of  effective 
Ihermopower  tensor  from  share  of  volume  which  occupy  a  high-conducting  component  of  system. 


Introduction 

During  last  years  a  great  attention  has  been  given  to 
investigations  of  the  thermoelectric  and  thermomagnetic 
phenomena  in  non-uniform  systems.  For  research  of  thermopower 
in  three-dimensional  non-uniform  systems  were  used  a  theory  of 
effective  medium  (EMT)  and  computer  calculations  [1,2].  In  work 
[3]  the  EMT  was  used  for  investigations  of  the  changes  of 
thermopower  caused  by  magnetic  field  and  the  Nernst  effect  in 
three-dimensional  systems  with  randomly  distributed  dielectric 
inclusions. 

In  present  work  we  develop  in  the  frameworks  of  EMT  the 
general  theory  for  thermomagnetic  phenomena  in  inhomogeneous 
systems  in  presence  of  a  weak  magnetic  field.  Calculations  are 
performed  for  sj'stems,  which  consist  from  random  high-  and  low- 
conducting  components  with  any  ratio  of  partial  volumes  of  high- 
and  low-conducting  regions. 

The  theory 

We  consider  a  solid-state  system  with  randomly  distributed 
inhomogeneities  when  a  local  values  of  kinetic  coefficients  may 

be  introduced.  Let  us  write  the  local  electric  current  j  and  flow 

of  heat  q  densities  in  the  form 

j-6E  +  ^G,  (1) 

q  =  yE  +  KG ,  (2) 

where  E  and  G  are  intensities  of  electric  and  temperature 

fields.  The  effective  values  a^,  y,,,  ic^,,  j,,  and  q,,  are 

connected  by 


i  -  a  E  +  Q  G  , 

J e  e  e  e  ’ 

(3) 

7.  =  7^+1^  A. 

(4) 

where  Tl'e  angular  brackets 

means  the  configuration  (space)  averaging. 


The  local  thermopower  a  and  effective  thermopower  may  be 

found  from  conditions  7  =  0  and  j,,  =  0  in  (1)  and  (3).  From 
last  condition  we  have 

a.  =  (5) 

Tensors  y  and  P  are  connected  by  y  =  7]3^ ,  where  P^  is 

transpose  of  P  ,  We  suppose  that  y^,  =  .  This  connection 

allows  to  replace  calculation  of  electric  currents  (1)  and  (3)  at 
presence  of  external  temperature  field  by  calculation  of  energy 
currents  (2)  and  (4)  at  presence  of  external  electric  field.  Thus,  for 

calculation  of  <5.^,  we  can  use  expressions 

]  =  aE,l=aX-  G) 

q  =  Tf>^E,  l  =  0) 

From  (6)  and  (7),  using  the  EMT,  we  can  find  values  and  P^ 

independently.  Such  calculation  for  in  general  form  was 
made  in  [4]. 

Let  us  consider  the  weak  magnetic  field  ,  directed  along  the  OZ- 

axis.  Then  for  calculations  of  values  a^,  cf', 

Aaf  =  Aaf  =  ctf  -  0®  and  Aa”  =  af  -  using  results 
of  [4]  up  to  the  approximation  it  is  easy  to  obtain  following 
system  of  equations 
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Aa:7 


‘'\(a  +  2a:)7^. 


-AT, 


/  /  o\ 

2  \ 

_\ 

\{a  +  2CT“ 

)7 

:0  (10) 


where 


Similar  system  of  equations  can  be  obtained  for  calculations  of 

values  P:,  Pf,  APf  =:Apf  =.pf-p“  and 

AP7  =  P7  ~  P*  •  In  these  systems  of  equations  local  values  of 
calculated  coefficients  have  such  form 


a  =  e/7|x, 


<tS  \iH 

a - 3 - 

<T>  C 


Aa„ 


=  -a- 


<T> 


(12) 


^  =  0(0,  p  -QL  ^ , 
<TX>  ^ 

<T>  kT 


AP. 


<t’x>  ^ 

=  a-<i>— |Ia  (13) 

<TX>  k  “ 

<T>  kT 


t'  /  V  k(  <\%>  ^ 


Here  |a  =  — (t),  a  = 
m  e 


<x>  kTJ’ 


kT 


,  5  is  a 


chemical  potential.  The  angular  brackets  denote  energy 


averaging.  Note,  that  Aa  „  =  0 ,  but  Aa^-  ^  0  due  to 
inhomogeneities.  We  believe  that  only  an  electron  concentration  n 
have  inhomogeneities.  From  e.spressions  for  0  and  a  we  may  see, 
that  a  changes  weakly  if  a  changes  strongly.  Thus,  in  present 
paper  we  neglect  fluctuations  of  a.  We  consider  a  two-component 
system,  which  consist  of  random  high-  and  low-conducting 
regions. 

We  choose  the  distribution  function  on  a  in.  the  form 


P(a)  =  /j5(a-ao)  +  (l-/?)5(a-a,),  (14) 

where  p  is  the  high-conducting  part  of  the  system  volume,  i.e,  we 
suppose  that  Oq»0,. 

For  components  of  the  effective  thennopower  tensor  we 
obtain  from  (5)  e.xpressions 


P“ 

(Pf  <1 

P“ 

Aa"'  = 

Aa;'! 

e  0 

1 K  <  J 

1  K 

Carry'ing  out  in  (8)-(10)  configuration  averaging  with  use  of  (14). 

calculating  components  of  effective  values  d^,  and  P^  and 
substituting  them  into  (15)  and  (16),  we  find  components  of 

effective  thennopower  tensor  d^, . 

In  fig.l  functions  af /aj*' ,  Aa'^'/Aa,^,  Aa"/Aa(,  and 
Aaj/Aaf  versus  p  for  value  a|/a(,  =  0.01  in  non¬ 
degenerate  system  are  shown.  Values  ag'  and  Aa^  corresponds 
to  homogeneous  system. 

Forms  of  curves  are  very  weakly  dependent  on  the  type  of  an 
electron  scattering. 


Discussion 

Let  us  discuss  main  results. 

The  antisymmetric  component  >  which  determines  the  Neriist 
effect,  has  the  minimum  value  in  the  vicinity  of  percolation 
threshold  P^.=  1/3  (Fig.  1  ( 1 )). 


Aa 


JCC 

tf 


Apr 

Aaf 

oO 

_0 

1  rtO 

0 

0 

0.  [  p. 

a.  ' 

(16) 


Fig.l.  Dependencies  of  (1)  ,  (2)  Aaf/Aa^,  (3) 

Aaf/Atto  and  (4)  Aaf/Aaf  on  p  for  oJo^  =  0.01 . 
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The  trasverse  changes  of  the  therniopower  tensor  in  magnetic 

field  Aaf  increases  if  we  include  high-conducting  components 
and  decreases  if  we  include  low-conducting  components. 
(Fig.  1(2)).  In  homogeneous  non-degenerate  medium  changes  of 
the  thermopower  tensor  in  magnetic  field  does  not  depend  on 
conductivity.  We  obtained,  that  due  to  inhomogeneity  we  have  the 
longitudinal  changes  of  the  effective  thermopower  tensor  in 

magnetic  field  Aa“ ,  which  are  absent  in  homogeneous  system 
(Fig.  1(3)).  These  changes  have  a  maximum  at  the  percolation 

threshold  P^.  The  ratio  Aaf/Aaf  have  the  maximum  value  at 
percolation  threshold  too  (Fig.  1(4)). 
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Computer  simulation  of  the  nonlinear  thermoelectric  effect  in  submicron-thick  structures  has 
been  carried  out.  Both  a  uniform  layer  and  structures  of  different  doping  profiles  have  been 
studied.  Current-voltage  characteristics  and  thermoelectric  efficiency  of  the  structures  evaluated. 


Introduction 

Increasing  the  efficiency  of  thermoelectric  devices  is  the 
main  goal  in  thermoelectric  activity  [1].  The  efficiency 
is  primary  determined  by  thermoelectric  material  qual¬ 
ity  estimated  by  the  figure  of  merit  Z  =  a^cr/K  where  a 
is  the  Seebeck  coefficient,  a  is  the  electrical  conductiv¬ 
ity,  and  K  is  the  total  heat  conductivity  including  both 
phonon  and  electron  specific  heat  conductivities.  In  view 
of  this  relation,  the  ordinary  way  for  improving  thermo¬ 
electric  devices  is  to  prepare  materials  with  the  increased 
value  of  Z  by  means  of  resolving  the  conflict  between  the 
growth  (drop)  of  cr  and  simultaneous  drop  (growth)  of 
q^/k  when  electrical  parameters  of  a  material  changed. 

But,  from  the  more  general  point  of  view,  the 
efficiency  of  a  whole  device  is  something  different  from 
the  efficiency  of  a  mere  material.  The  difference  is  espe¬ 
cially  important  in  the  case  of  thin-film  thermoelectric 
devices  operating  under  the  very  large  heat  fluxes.  In 
this  case,  both  nonlinear  and  nonlocal  heat  and  charge 
transfer  processes  appear  in  a  semiconductor  structure 
when  the  structure  size  is  compared  to  the  main  char¬ 
acteristic  lengths  associated  with  the  electron-phonon 
transport  phenomena.  Due  to  these  processes,  the  effec¬ 
tive  non-equilibrium  relation  between  the  averaged  val¬ 
ues  of  cr  and  o^/zc  for  the  whole  structure  could  differ 
essentially  from  the  equilibrium  one  for  the  given  ma¬ 
terial.  It  is  a  circumstance  that  opens  potentially  new 
ways  for  thermoelectric  devices  improvement. 

For  to-day,  the  advances  in  modern  technology 
made  it  possible  to  produce  high-quality  semiconduc¬ 
tor  structures  of  a  submicron  scale.  It  is  a  scale  of  the 
electron-phonon  and  the  electron-electron  energy  relax¬ 
ation  lengths  in  semiconductors  that  is  the  case  needed 
for  the  effects  mentioned  above  to  appear.  It  means  that 
the  finest  features  of  the  electron-phonon  transport  in 
thin-film  structures  could  now  be  controlled  and  opti¬ 
mized  in  accordance  with  the  most  rigid  requirements 
of  a  theory.  On  the  other  hand,  it  means  also  that 
the  kinetic  processes  could  be  optimized  on  the  very  de¬ 
tailed  level  of  analysis  which  opens  new  possibilities  for 
thermoelectric  devices  optimization.  Clearly,  it  is  one  of 
those  technological  achievements  which  according  to  C. 
B.  Vining  [2]  could  potentially  crack  the  well-known  ZT 
barrier  in  thermoelectricity. 

The  aim  of  the  present  work  was,  therefore,  to 
study  the  effects  of  the  nonlinear  and  nonlocal  heat  and 


charge  transfer  processes  across  submicron-thick  semi¬ 
conductor  structures  in  order  to  determine  the  main  con¬ 
ditions  for  thermoelectric  devices  improvement. 

Thermo-e.m.f.  arising  due  to  non-Maxwell’s 
carrier  energy  distribution 

The  common  theoretical  treatment  of  thermoelectric 
phenomena  is  conventionally  carried  out  in  terms  of  the 
temperature  T  and  the  electrochemical  potential  ip  as¬ 
cribed  to  the  electron-phonon  system  of  a  semiconduc¬ 
tor  [1].  An  approach  of  this  kind  is  valid  for  the  ’thick’ 
structures,  with  the  typical  thickness  d  exceeding  any 
characteristic  length  of  the  electron-phonon  interaction 
[3].  In  this  case,  both  the  electrons  and  the  phonons 
are  described  by  the  quasi-equilibrium  energy  distribu¬ 
tions  with  a  unique  temperature  T  —  T(x)  ,  x  being  the 
coordinate  along  the  temperature  gradient. 

In  the  case  of  the  very  thin  structures,  such  an  ap¬ 
proach  is,  however,  unacceptable.  A  .specific  form  of  the 
correct  formulation  depends  on  the  relation  between  the 
structure  thickness  d  and  the  main  characteristic  lengths 
of  a  semiconductor  and  l^  which  are  the  aver¬ 

age  lengths  of  the  electron  momentum  relaxation,  the 
electron-electron  collisions,  and  the  electron  energy  re¬ 
laxation  due  to  electron-phonon  scattering,  respectively. 
While  any  ’thick’  structure  corresponds  to  the  relation 

h  1  Le  )  L  ^  d  ,  ( 1 ) 

the  cases  of  a  ’thin’  sample  could  be  of  different  kind. 
Since  the  condition 

h  «  lec  <<  Ic  (2) 

is  very  common  for  semiconductors  [3],  one  has  primary 
to  consider  the  cases 

)  Le  ^ d  <!  <  ,  (3) 

and 

li  <<  d  «  Le  ,  Ic  .  (4) 

Under  the  conditions  (3),  the  electrons  and 
phonos  are  described  by  the  quasi-equilibrium  energy 
distributions  as  well,  but  with  the  different  temperatures 
Te{x)  and  T(x),  respectively,  which  are  determined  by 
the  different  energy  balance  equations  for  the  electrons 
and  the  phonons  separately.  It  means  that  the  electrons 
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are  independent  to  some  extent  of  the  phonons,  and  the 
resulting  thermoelectric  effects  would  differ  from  the  or¬ 
dinary  ones  taking  place  in  ’thick’  structures. 

The  conditions  (4)  provide  even  more  possibili¬ 
ties  for  the  electrons  to  become  non-equilibrium  so  that 
their  energy  distribution  alters  when  the  heat  flux  ap¬ 
peared  in  the  structure.  Indeed,  because  of  the  rela¬ 
tion  d  <<  leeJt,  the  electrons  have  no  chance  to  dissi¬ 
pate  their  energy  inside  of  the  structure.  Therefore,  the 
energy  distribution  of  the  electrons  (i.e.  the  symmet¬ 
rical  part  fs  =  /5(e,^)  of  the  total  distribution  func¬ 
tion  /  =  f{p,x)  where  e  and,  p  are  the  electron  energy 
and  momentum,  respectively)  differs  drastically  from  the 
Maxwell-like  (or  Fermi-like)  distribution  which  would 
take  place  under  the  conditions  (1)  or  (3). 

Under  the  conditions  (4),  the  very  concepts  of 
both  the  electron  temperature  and  the  electrochemi¬ 
cal  potential  are  unacceptable  for  analyzing  kinetic  pro¬ 
cesses  in  serhiconductor  structures  [4].  Instead,  the 
Boltzmann’s  kinetic  equation  must  be  solved  to  calcu¬ 
late  transport  phenomena  in  the  structures  of  this  kind. 
It  is  the  case  that  happens  usually  in  the  structures  of 
submicron  thickness  [3]  which  are  of  the  main  interest  in 
this  paper. 

Clearly,  non-conventional  thermoelectric  effects 
would  appear  in  semiconductor  structures  under  the  con¬ 
ditions  (4).  Yu.  G.  Gurevich  and  V.  B.  Yurchenko  have 
shown  previously  [5]  that  the  distortion  of  the  distribu¬ 
tion  function  fg[e,x)  as  compared  to  the  Maxwell’s  form 
/t(£,i)  with  the  local  temperature  T{x)  =  2/3  <  e  >  , 

^f{e,x)  =  fs{e,x)  -  fTi(,x),  (5) 

gives  rise  to  a  special  e.m.f.  because  of  disbalance  of 
the  partial  currents  of  the  charge  carriers  of  different 
energies.  The  e.m.f.  of  this  kind  could  even  appear  in 
a  uniform  unipolar  sample  under  the  conditions  of  < 
f  >=  const  and  n  =  const  ,  <  £  >  and  n  being  the  mean 
carrier  energy  arid  the  carrier  density,  respectively. 

In  the  case  of  an  arbitrary  carrier  excitation  and 
inhomogeneous  samples,  the  effect  looks  like  an  addi¬ 
tional  thermo-e.m.f.  generation  as  compared  to  the  com¬ 
mon  e.m.f.  arising  due  to  the  gradients  oi  T  —  T{x)  and 
n  =  n{x)  while  /s(e,  2;)  =  /t(£)®)  •  example  of 

such  an  effect  has  been  studied  by  the  author  of  this  pa¬ 
per  [6]  who  calculated  the  voltage  arising  in  submicron- 
thick  structures  due  to  the  charge  carrier  heating  under 
the  microwave  illumination. 

Under  the  heat  flux  across  a  very  thin  structure 
satisfying  the  conditions  (4),  the  distortion  of  the  func¬ 
tion  fs  appears  as  a  result  of  the  partial  fluxes  of  the 
’hot’  and  the  ’cold’  electrons  flowing  into  the  structure 
from  the  opposite  surfaces  i  =  0  and  x  =  d  kept  at 
the  different  teihperatures  Ti  =  r(0)  and  T2  =  T{d) 
(  0  <  X  <  d  )  .  Since  there  are  no  energy  dissipa¬ 
tion  processes  within  the  structure  except  the  full  relax¬ 
ation  at  the  surfaces  where  different  Maxwell’s  functions 
/i  =  /s(f.O)  and  /2  =  /5(f,c()  being  formed,  the  result¬ 
ing  function  fsit,x)  inside  of  the  structure  becomes  a 


kind  of  some  ’mixture’  of  /i  and  /2  ,  but  not-  a  single 
Maxwell’s  function  at  the  mean  temperature  Te[x). 

To  get  an  exact  solution  of  the  problem,  one 
should  also  take  into  account  an  additional  increase  or 
decrease  of  the  electron  energy  because  of  thermoelectric 
and  external  electric  fields,  or  any  built-in-field  in  the  in¬ 
homogeneous  structures.  Thus,  the  problem  as  a  whole 
is  nonlinear  and,  in  fact,  rather  complicated. 

The  analytical  treatment  of  thermoelectric  effects 
of  this  kind  has  been  undertaken  by  Yu.  G.  Gurevich, 
G.  N.  Logvinov,  and  O.  Yu.  Titov  [4]  for  the  case  of  a 
uniform  layer  under  the  assumption  of  the  small  temper¬ 
ature  drop  AT  —  T2  —  T1  .  Unfortunately,  all  the  effects 
of  the  non-Maxwell’s  carrier  distribution  disappear  in  a 
uniform  layer  under  the  linear  approximation  used  in  [4]. 

In  this  paper,  other  cases  of  the  thermo-e.m.f. 
generation  in  submicron-thick  structures  are-  investi¬ 
gated.  Both  the  uniform  layers  and  the  gradually  doped 
structures  of  different  doping  profiles  are  considered. 
The  nonlinear  processes  of  the  thermo-e.m.f.  generation 
due  to  the  large  heat  fluxes  across  the  structure  have 
been  studied. 


Models  of  submicron-thick  structures  and  basic 
equations 

Let  us  consider  a  uniform  layer  (  ’a’  )  and  the  two  kinds 
(  ’b’  and  ’c’  )  of  the  gradually  doped  structures  with  the 
following  carrier  density  profiles: 

n{x)  =  j4i  •+  i?iexp(x/L)  (6) 

and 

n(x)  =  A2  +  B2  cos(7r2;/d),  (7) 


respectively.  The  ratio  n(d)/n(0)  =  10  and  the  value 
n{d)  =  O.lYc  are  assumed  where  Nc  is  the  effective  den¬ 
sity  of  states  in  the  conductive  band  at  the  mean  temper¬ 
ature  To  =  (Ti  +  T2)/2.  The  conditions  (4)  are  supposed, 
with  the  Debye  radius  being  small  as  compared  to  the 
structure  thickness  d  . 

Under  the  conditions  described,  the  symmetrical 
part  of  the  carrier  distribution  function  is  determined 
by  the  steady-state  Boltzmann’s  equation  which  does 
not  account  for  the  electron-electron  and  the  electron- 
phonon  energy  relaxation  processes  in  the  bulk  of  the 
structure.  The  energy  relaxation  occurs  at  the  surfaces 
X  —  Q  and  x  —  d  where  the  metal  leads  are  supposed 
and  the  equilibrium  carrier  distribution  functions  at  the 
temperatures  Ti  and  T2  assumed  as  the  boundary  con¬ 
ditions.  In  the  case  considered,  the  original  Boltzmann’s 
equation  could  be  reduced  to  the  nonlinear  partial  dif¬ 
ferential  equation  for  the  symmetrical  part  of  the  car¬ 
rier  distribution  function  /s(e,  x)  only.  Following  the 
well-known  approach  [4],  an  explicit  form  of  the  nonlin¬ 
ear  equation  in  fs  under  the  varied  phonon  temperature 
T{x)  has  been  obtained: 


d'^fs 

dx^ 


e^E'^ 


d^fs 


+  2eE 


d^s 

dxdi 


+ 
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+  1(9  +  3/2)  h 


p  dfs  ^  dfs 


dE  dfs 


where  e  is  the  electron  charge  and  E  —  E{x)  is  the  total 
electric  field  in  the  structure.  The  electron  momentum 
relaxation  time  r  was  assumed  to  depend  on  both  the 
phonon  temperature  T  and  the  electron  energy  e  as  fol¬ 
lows: 

r(e,r)  =  To(T/ro)^(e/To)V  (9) 

The  total  field  E{x)  includes  the  thermoelectric 
field  arising  due  to  thermoelectric  effect  in  the  structure, 
the  external  field  if  the  total  current  J  is  non-zero,  and 
the  built-in-field  existing  in  the  gradually  doped  struc¬ 
tures.  The  field  E{x)  depends  on  the  function 
and  is  found  self-consistently  according  to  the  relation 

E{x)  -  {j  +  e  Vr  (Dn)  )la  (10) 

where  j  is  the  current  density  across  the  structure,  D 
and  cr  are  the  non-equilibrium  diffusion  coefficient  and 
the  electrical  conductivity,  respectively,  which  differ  from 
the  equilibrium  ones  because  of  the  non-Maxwell’s  form 
of  the  carrier  distribution  function  fs’. 


into  account  the  total  electric  field  E  within  the  structure 
and  the  temperatures  Tj  and  T2  at  the  surfaces  only: 


T2  n(d) 
Edx  -b  —  In  — \-d- 
e  N,{T2) 


NciTi) 


Under  the  open-circuit  conditions,  V  is  the  value  of  the 
thermo-e.m.f.  generated  in  the  structure. 


Thermo- voltage  and  the  efficiency  of  submicron- 
thick  structures 

The  equation  (8)  was  solved  numerically  by  means  of 
a  specially  developed  method  based  on  the  Stone’s 
strongly  implicit  procedure  [8]  which  was  completed  with 
the  self-consistent  calculation  of  the  electric  field  E{x). 
Solutions  have  been  used  to  calculate  the  voltage  V  for 
different  structures  [9].  The  results  were  compared  with 
the  values  of  the  voltage  Vt  calculated  for  the  same  struc¬ 
tures  under  the  conditions  (1)  when  the  Maxwell’s  func¬ 
tion  with  the  temperature  T{x)  =  Ti  -1-  ATxfd 

takes  place.  The  relative  voltages  eV/To  and  eVT/To 
obtained  for  the  structures  ’a’,  ’b’  and  ’c’  at  the  temper¬ 
ature  drop  |AT|  = 

=  OATq  are  given  in  the  Table  1.  The  indexes  1  and  2 
denote  the  cases  of  Ti  <  T2  and  T\  >  ,  respectively. 


Table  1.  Open-circuit  thermo- voltage  for  different  struc¬ 
tures 


r  00 

D  =  Cl  , 

(11) 

•^0 

r  00 

-  C2  /  /se’+^/^de  . 

'^0 

(12) 

Cl  and  C2  being  the  normalizing  coefficients. 

The  deformation  acoustic  (DA)  carrier  scatter¬ 
ing  mechanism  is  supposed  (9  —1/2,  s  —  —1)  which 

corresponds  to  the  following  boundary  condition  for  the 
function  fsi,^,  at  the  small  energies: 


with  the  common  condition  fs(c,  x)  =  0  at  the  energies 
e  — ♦  00. 

When  the  function  obtained,  the  prob¬ 

lem  of  the  correct  procedure  for  the  e.m.f.  calculation 
appears.  As  it  was  mentioned  above,  in  the  case  of  the 
non-Maxwell’s  function  fs,  the  concepts  of  the  electron 
temperature  and  the  electrochemical  potential  within  a 
non-equilibrium  medium  are  invalid.  So,  the  definition  of 
the  e.m.f.  in  terms  of  and  ^  is  improper,  and  the  de¬ 
mand  arises  for  a  new  method  of  the  thermo-e.m.f.  calcu¬ 
lation  taking  into  account  the  electromotive  force  caused 
by  the  carrier  distribution  function  distortion.  Analysis 
based  on  the  ideas  [7]  has,  however,  shown  that,  in  the 
most  general  case,  the  e.m.f.  could  be  calculated  from 
the  ordinary  expression  for  the  total  voltage  V  across 
the  structure  if  the  latter  written  in  a  special  form  taking 


Structure 

eV/To 

cVt/Tq 

'a' 

1.72 

1.72 

% 

2.44 

2.18 

% 

2.41 

2.18 

2.51 

2,05 

'4 

2.41 

2.05 

The  results  have  shown  that  non-Maxwell’s  car¬ 
rier  energy  distribution  formation  increases  thermo- 
e.m.f,  generated  in  submicron-thick  structures.  In  a 
uniform  layer,  the  increase  of  the  therrno-e.m.f..  is,  how¬ 
ever,  negligible  (it  is  less  than  a  percent  of  a  common 
e.m.f.).  On  the  contrary,  the  increase  of  the  thermo- 
e.m.f.  in  the  gradually  doped  structures  is  essential  be¬ 
ing  from  ten  to  twenty  percents  under  the  conditions 
considered.  The  thermo-e.m.f.  appears  to  be  higher  in 
the  case  of  the  structures  with  a  built-in-field  localized 
inside  of  the  sample  (  the  case  ’c’  ).  When  the  built-in- 
field  is  almost  uniform  (  the  case  ’b’  ),  the  observed  effect 
is  not  so  significant.  Change  of  the  sign  of  the  electron 
density  gradient  in  the  gradually  doped  structures  at  a 
given  temperature  drop  AT  does  not  result  in  change  of 
the  sign  of  additional  thermo-e.m.f,  and  promotes  only 
a  minor  variation  in  its  value.  Nevertheless,  the  total 
thermo-e.m.f.  is  a  little  greater  in  the  case  of  both  the 
phonon  temperature  and  the  electron  density  gradients 
being  parallel. 

In  order  to  estimate  variations  in  the  efficiency  of 
the  structures,  the  current-voltage  characteristics  have 


330 


been  calculated  for  the  structure  ’c’  at  the  different  sign 
of  the  temperature  drop  AT  under  both  the  conditions 

(1)  and  (4)  (Fig.l). 

Figure  1:  Current-voltage  characteristics  of  the  structure 
’c’  under  the  conditions  (4)  (  1-  AT  >  0  ;  2-  AT  <  0  ) 
and  (1)  (  3  -  AT  >  0  ;  4  -  AT  <  0  ) 


eV/To 


The  results  have  shown  that  the  sign  of  AT  has  a 
profound  effect  on  the  thermoelectric  current  generated 
in  the  structure.  At  any  voltage  applied,  the  current  is 
greater  under  the  conditions  (4)  as  compared  to  (1)  when 
both  the  temperature  and  the  carrier  density  drops,  AT 
and  An  respectively,  are  of  the  same  sign  (curve  1).  On 
the  contrary,  the  current  tends  to  decrease  in  the  case 
of  the  opposite  signs  of  AT  and  An,  so  that  the  short- 
circuit  current  under  the  conditions  (4)  is  even  less  than 
the  similar  current  under  (1)  (curves  2  and  4,  respec- 
tively). 

The  estimate  shows  that,  due  to  non-equilibrium 
carrier  energy  distribution  formation,  the  total  thermo¬ 
electric  efficiency  of  the  gradually  doped  submicron-thick 
structure  ’c’  is  greater  by  25%  of  its  initial  value  when 
the  conditions  (4)  instead  of  (1)  satisfied  and  both  AT 
and  An  are  of  the  same  sign. 

Conclusions 

The  computer  simulation  of  the  nonlinear  thermoelectric 
effects  arising  in  submicron-thick  semiconductor  struc¬ 
tures  under  the  large  heat  fluxes  has  shown  a  possibility 
to  increase  the  efficiency  of  thermoelectric  devices.  It  is 
a  result  of  the  non-equilibrium  carrier  energy  distribu¬ 
tion  forming  because  of  diminishing  the  electron-phonon 
and  the  electron-electron  energy  relaxation  in  the  struc¬ 
tures.  The  effect  grows  in  the  gradually  doped  structures 
with  the  built-in-field  being  localized  in  the  middle  of  the 
structure. 

The  calculations  revealed  an  increase  of  the  open- 
circuit  voltage  for  all  the  structures  considered,  as  com¬ 
pared  to  the  case  of  the  Maxwell’s  carrier  distribution 
function.  The  gain  of  the  efficiency  depends,  however, 


on  the  sign  of  the  temperature  drop  across  the  gradu¬ 
ally  doped  structure.  The  efficiency  increases  in  the  case 
of  both  the  lattice  temperature  and  the  carrier  density 
gradients  being  of  the  same  sign,  and  decreases  in  the 
opposite  case. 

The  results  obtained  could  be  also  applied  to  the 
classical  superlattices.  Various  homo-  and  heterostruc¬ 
tures  of  a  saw-like  doping  profile,  with  the  carrier  energy 
relaxation  decreased  in  the  lightly  doped  regions  and  in¬ 
creased  in  the  heavily  doped  ones,  are  promising  for  the 
given  effect  to  appear.  The  effect  is  supposed  to  be  in¬ 
creased  by  means  of  the  doping  profile  optimization,  spe¬ 
cial  heterostructures  implementation,  or  another  scat¬ 
tering  mechanism  utilization,  that  is  the  subject  for  the 
future  research. 
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The  thermoelecUical  and  electrical  properties  of  the  system  Au/p-CdTe/Au  were  measured.  Non 
equilibrium  holes  are  redistributed  in  the  sample  in  agreement  with  Gurevich  et  al,  theory  [1].  The 
aim  of  our  work  is  to  verify  it  experimentally  in  our  system  Au/p-CdTe/Au.  For  this  reason  the 
extended  thennoemission  and  thermoemission-diffusion  theories  of  charge  carrier  transport  through  a 
Schottky  diode  structure  were  applied  on  measured  1-U  characteristics.  The  influence  of  Richardson 
constant  was  also  considered  for  the  carriers  passing  from  the  metal  into  the  semiconductor. 


Introduction 

Thirty  years  ago  Plavitu  [2]  has  published  interesting  theoretical 
work  (in  accordance  with  the  work  L.  Georgiescu  [3])  about  the 
role  of  the  optical  phonons  (optical  phonon  drag  effect)  in  Seebeck 
effect  and  in  related  transport  phenomena.  While  the  acoustical 
phonon  drag  contribution  can  enlarge  significantly  the  value  of 
thermopower,  on  the  contrary  the  optical  phonon  drag  effect  can 
reduce  it.  This  was  shown  for  the  first  time  in  1972  [4]  (measured 
on  CdTe  n  and  p  types  and  even  in  CdSe),  Later  was  this 
observation  also  verilied  by  other  authors  [5]. 

Experiment 

Single-crystals  of  p-CdTe  wafers  were  prepared  in  the  laboratory  of 
prof.  O.  Panchuk  (State  Chernivtsi  University,  Ukraine).  Bulk 
resistivity  measured  at  room  temperature  by  four  point  method  was 
about  100  ohm. cm.  Hall  mobility  80  cm^A/.s  (from  Hall 
measurements). 

The  contacts  were  prepared  by  clectrodless  deposition  of  gold  on 
fresh  surface  (cut  immediately  before  the  deposition)  in  air.  The 
gold  belts  (1x4)  mm^  were  deposited  on  fresh  splitted  orientated 
surface  of  p-CdTe.  The  sample  was  pressed  between  two  copper 
blocks  with  electrical  heaters  inside. 

The  contacts  indicated  rectifying  properties.  The  1-U 
characteristics  of  the  system  Au/p-CdTe/Au  were  measured.  Simple 
three  point  method  was  used  for  measurements  of  current  -  volutge 
(1-U)  charnclcrislics  -  which  presents  an  easy  control  of  contact 
properties.  The  temperature  difference  applied  on  the  sample 
significantly  shifts  1-U  characteristics. 

The  description  of  the  observed  effect 

In  our  last  work  [6]  we  described  the  following  experiment: 
Keeping  the  temperature  of  one  cojita^t  Au/p-CdTe  constant  and 
increasing  the  temperature  of  second  one,  one  can  control  the  current 
llowing  through  the  contact  kept  at  constant  temperature.  The 
temperature  gradient  AT  on  the  system  Au/p-CdTe/Au  significantly 
controls  the  electrical  current  through  the  sample,  it  can  enlarge  or 
diminish  it  in  the  dependence  of  the  gradient  direction. 

Nonohmic  contacts  registrated  the  changes  near  the  Au/p-CdTe 
interfaces.  The  1-U  characteristics  were  measured  and  the  significant 
shift  with  temperature  gradient  is  observed.  The  greater  is  the 
thermovoltage  a  AT,  the  greater  is  the  current  change 

\log  1 1  -  log  1q!  a  AT  for  U  =  const., 


where  1[  is  the  current  at  a  given  temperature  dillcrcnce  AT  and  ly 
stays  for  AT=0. 

In  this  contribution  our  experiment  was  changed  with  respect 
to  the  to  the  suggestions  in  the  last  theoretical  paper  [1]:  the 
temperature  on  constant  value  T*  =  (T,  +T2)/2,  AT  =  Tj  -  T|  and 

the  temperature  gradient  along  the  sample,  see  Fig.  3.  To  eliminate 
the  influence  and  changes  on  two  Schottky  barriers,  we  analysed  the 
reverse  l-U  characteristics  of  the  system  Au/p-CdTc/Au, 

The  siniuiations  of  reverse  I-U  characteristics 
(AT  =  0) 


The  thermionic  emission  current  density  of  free  charge  carriers 
through  a  Schottky  barrier  can  be  described  by  the  formula  derived 
by  Bethe  [7] 


Here  is  the  Richardson  constant  for  electrons  in  semi¬ 


conductor,  is  the  Schottky  barrier  height,  A(t»|,  is  its  change  due 
to  the  external  applied  voltage  Other  symbols  have  their  usual 
meanings. 

It  has  been  found  that  for  some  stuctures  Eqn.  (1)  d(x:s  not  allow 
to  reach  reasonable  agreement  of  simulated  reverse  l-U  cha¬ 
racteristics  with  experimentally  obtained  data.  These  discrepancies 
become  particularly  significant  in  the  case  of  Schottky  diodes 
prepared  on  p-Cd^fe  substrates.  We  propose  to  employ  the  extended 
themioionic  emission  theory  [8]  in  which  the  transpu  t  through  the 
Schottky  barrier  is  expressed  as 

By  comparing  Ec|ns.  (1)  and  (2)  one  can  see  that  the  extended 
thermoionic  emission  Ihcory  considers  the  Richardson  constant  not 
only  for  free  charge  carriers  in  the  semiconductor  but  also  in  tlic 
metal. 

In  our  simulations  of  reverse  I-U  characteristic  of  Au/p-CdTe/Au 
system  the  change  of  the  SclioUky  baixier  height  was  expressed  as 
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4  ne 


~tyf^mdxO  ^f^max  )  *'  ^max')> 


(3) 


where 


.  h^K 


in  -Va) 


(4) 


is  ihe  maximum  slrength  of  internal  electric  field  on  the  metal- 
scmiconductor  interface, 


^maxO  ~ 


(5) 


is  the  maximum  strength  of  internal  electric  field  at  the  interface 
under  themiodynamic  equilibrium  {  =  0)  and  a  is  a  parameter 

characterizing  the  the  interface  quality.  Its  magnitude  ranges  from 
0,5  to  2,0  nm. 

The  modified  Richardson  constants  for  electrons  and  holes  in  the 
metal  and  in  the  semiconductor  are  defined  by  the  expression 


Mm  ^ 


4!iqi)iok^  tng  jf 

mo 


(6) 


The  etempt  is  done  to  calculate  noie  masses  in  CdTe 
semiconductor  and  in  the  metal  Au.  (Sec  tab.  1.) 


dib  feVl 

T  [K1 

a  [nml 

nimeutl  [mo] 

niKm  [mo] 

Na.  [mo] 

0.56 

295 

1.0 

25.0 

0.60 

1x1021 

Fig.  2.  The  influence  of  temperature  change  on  l-U 
characteristic  of  system  Au/p-CdTe/Au  (C  4)  (AT  =  0) 


From  new  ideas  of  Gurevich  (et  al.)  theory 
Under  the  temperature  gradient  two  processes  can  be 
mathematically  described  in  the  sample  in  agreement  with  Anselm 
[9],  which  in  fact  act  mutually  against  them  and  give  the  rise  of 
internal  electric  field.  In  this  case  the  following  equation 

=  -  Eg  -  Fp°,  (Fj,°,  Fp"  represent  the  electrochemical  potencial 
of  electrons  and  holes.  Eg  is  the  energy  gap)  is  valid. 


Fig.  1.  Fitted  l-U  characteristics  of  system  Au/p-CdTe/Au 
(C  4)  after  extended  theimoionic  emission  theory.  The 
characteristic  for  forward  direction  was  obtained  from  three 
point  method  (AT  =  0) 


u/v 


Fig.  3.  The  influence  of  temperature  gradient  on  l-U 
characteristic  system  Au/p-CdTe/Au  (C  10/5),  T*  =  296  K 
(  S  ),  T,  =  307,8  K.  Tg  =  285  K.  AT  =  22,8  K  (  q  ) 
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When  phcmoii  drag  effect  is  included,  this  equation  begins  to  be 
limited;  carriers  redistribution  appears  and  still  more  we  obtain  two 
quasi  Fermi  levels.  The  two  types  of  carriers  move  through  the 
sample  independently.  In  this  case  there  is  no  difference,  if  we  take 
in  our  consideration  the  electrons  and  holes  or  two  sorts  of  holes  (as 
in  p-CdTe).  We  calculated  then  also  carrier  redistribution  in  the 
sample.  For  our  sample  with  hole  cocentration  p  =  7,8,10'^  cm^  by 
T*  =  300  K  wc  calculated  two  quasi  Fermi  levels  (in  eV)  in  three 
steps  by  [1] 


\  =  -a 

X  =  +a 

T*  =300  K 

AT  =  0K 

-  0,20049 

-0,20049 

AT=  lOK 

without  phonon  drag 

-0,20799 

-0,19299 

AT  =  10  K 

-0,20799  ■) 

-0,19299  \ 

after  difusion 

without  phonon  drag 

-1,8  .  10-8  J 

+1,8  .10-8  j 

phonon  drag,  AT  = 

10  K  -0,20799  2 

-0,19299  0 

for  light  holes 

+  2,18.  10-'^  ( 

+2,18  .  10-^  J 

for  heavy  holes 

+4,78  .  10-3 

4,78  .  10-3 

Conclusions 

1.  Modified  Bethe  theory  -  the  extended  thcrmoionic  emission 
theory  [8]  comparatively  well  describes  the  experimental  curves 
(Fig.  1).  It  records  the  influence  of  temperature  change  of  the 
sample  (Fig.  2). 

2.  Further  measurements  are  required  for  the  quantitative  evidence 
of  hole  redistribution  in  the  system  Au/p-CdTc/Au  under  the 
influence  of  phonon  drag.  Nevertheless  the  experimental  change  of 
1-U  characteristic  for  AT  0  is  greater  than  the  changes  calculated 
above. 
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THERMOELECTROMOTIVE  FORCE  OF  HOT 
CARRIERS  IN  METAL-p-Ge  AND  -GaAs  CONTACTS 
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1.  Introduction 

Semiconductor  devices,  which  performance  is  based  on 
the  thermoelectromotive  force  (thermoemf)  of  hot  carriers,  are 
widely  used  for  detection,  mixing  and  power  measurements  of 
microwave  (MW)  signals  [1].  The  carriers  are  heated  by  the 
nonuniform  MW  field,  and  the  lattice  temperature  remains 
relatively  unchanged.  Such  devices  is  usually  constructed  as  small 
area  diodes  [2]  with  so-called  1-h  junction,  i.e.  junction  of  two 
parts  of  semiconductor  with  the  same  type  of  conductivity,  but  with 
a  quite  different  doping  level  [3].  These  devices  are  attractive  both 
due  their  high  upper  frequency  limit  of  operation,  which  is  set  by 
the  momentum  relaxation  time  of  hot  carriers  [4],  and  due  their 
high  burn-out  power.  A  great  advantage  is  also  high  electrical 
stability  over  long  periods  of  use  [5]. 

While  the  first  MW  power  detectors  were  made  from  Ge, 
appreciable  advance  in  investigation  of  thermoemf  of  hot  carriers 
was  achieved  in  the  case  of  silicon  [6]  because  the  technology  of 
small  area  1-h  junction  formation  is  well  developed  for  this 
material.  However,  due  the  low  electrical  mobility  of  electrons  and 
holes  in  Si,  resulting  in  low  value  of  voltage-power  sensitivity  (the 
ratio  of  detected  signal  and  applied  MW  power)  of  those  diodes,  it 
is  of  interest  to  investigate  the  diodes  made  on  the  base  of  n-GaAs. 
Two  more  properties  of  gallium  arsenide  is  important  for  its 
application  as  a  MW  power  measurement  element.  Namely,  the 
nonmonotonical  field  dependence  of  energy  relaxation  time  [7]  and 
diffusion  coefficient  [8]  of  electrons  in  n-GaAs  at  room 
temperature.  These  dependences  let  us  hope  to  have  the  more  wide 
region  of  MW  power,  where  the  dependence  of  detected  signal  on 
applied  power  is  linear.  Therefore,  the  first  aim  of  this  work  was 
to  investigate  the  properties  of  GaAs  diodes  with  n-n'*  junction  in 
wide  range  of  dc  and  MW  applied  power. 

Point  contacts  of  Au  to  p-type  Ge  are  widely  used  for 
measurement  and  detection  of  MW  power  [9],  Usually  such 
contacts  are  produced  by  evaporation  of  Au  on  a  Ge  surface  and 
following  formation  of  a  contact  by  dc  electric  current.  The  latter 
process  is  far  from  perfection  from  the  technological  point  of  view 
-  moreover,  Au  is  amphoteric  impurity  in  Ge.  It  also  complicates 
the  studies  of  such  contacts.  That  is  why  the  second  aim  of  this 
work  was  to  investigate  the  diodes  of  p-Ge  with  narrow-long  shape 
ohmic  contacts,  which  have  been  made  using  as  a  metals  to 
contacts  not  only  Au  but  also  In  and  Al,  which  are  well-known 
shallow  acceptors  in  germanium. 


2.  Samples  and  technique 


The  point  contact  GaAs  diode  were  prepared  from  n*-n-n* 
epitaxial  structures.  The  thickness  of  n  epitaxy  layer  and  density 
of  impurities  there  were  29  /xm  and  I.ITO'*  cm’,  respectively.  The 
thickness  of  the  contact  layer  was  1  pm.  The  impurity  density  in 
the  contact  layer  and  in  the  substrate  was  2T0"  cm’.  Electron 
mobility  in  n-layer  at  room  temperature  was  p=7000  emW-s.  The 
ohmic  contacts  of  the  diode  were  made  by  thermal  evaporation  of 
separate  Ge/Ni/Au  layers  through  the  windows  created  in 
photoresist  by  photolitography  method  and  by  following  annealing 
in  inert  gas  atmosphere.  The  small  area  n-n*  junctions  of  point 
contact  diode  were  formed  by  chemical  etching  of  GaAs. 

The  p-Ge  diodes  were  prepared  from  semiconductor 
wafers  with  surface  orientation  (100).  Specific  resistances  of 
monocrystals  were  15  and  30  Q-cm.  Both  surfaces  of  the  wafer 
were  polished  mechanically  and  one  of  them  chemically.  Indium 
and  aluminum  were  evaporated  thermally  in  vacuum  onto 
semiconductor  surfaces  after  their  refreshing  in  hydrogen  peroxide 
solution.  Photolitography  technique  was  used  to  made  small  area 
metal  contacts.  The  Au  contacts  to  p-Ge  were  made  by  the 
electrochemical  plating  of  gold  onto  semiconductor  surface  through 
the  windows  created  in  photoresist.  The  metal  contacts  were 
annealed  in  hydrogen  atmosphere  at  different  temperatures 
(300-^600°C)  during  10  minutes. 

In  order  to  avoid  the  crystal-lattice  heating,  the  short 
pulses  of  electric  current  and  microwave  signal  with  duration  of  a 
few  microseconds  and  the  repetition  rate  (40-^-50)  Hz  were  used. 
The  circuit  of  balanced  bridge  was  used  to  investigate  the  diode  in 
dc  electric  field.  As  a  source  of  MW  electric  field,  the  clystron 
generating  high-frequency  signals  in  frequency  range  f=(26-;-37.5) 
GHz  was  used.  The  diodes  were  placed  in  rectangular  waveguide. 


3.  Experimental  results  and  discussion 


On  the  basis  of  the  set  of  equations  including  energy 
conservation,  density  of  electric  current,  current  continuity  and 
Poisson,  we  obtained  the  analytical  formula  for  the  difference  of 
point  contact  resistance  when  contact  was  based  in  reverse  and 
forward  direction 


ar=r-r  = 
2  1 


3 

k 


(1) 


where  U  is  applied  voltage;  p  and  /a„  denote  specific  resistivity  and 
electron  mobility,  respectively;  s  stands  for  the  index  of  power 
dependence  of  electron  momentum  relaxation  time;  x^  and  are 
electron  energy  and  Maxwell  relaxation  time,  respectively;  ^  is 
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point  contact  radius. 

The  expression  (1)  is  valid  for  slight  electron  heating 
(warm  electron  region  approximation),  when  where 

^  is  equilibrium  value  of  electron  energy.  In  the  case  of 
sufficiently  low  frequencies  when  (o)TgY<<l  {co  is  angular 
frequency  of  MW  field)  and  conductivity  current  exceeds 
displacement  one,  the  voltage  sensitivity  of  the  detector  with  n-n* 
junction  is  related  to  the  current-voltage  (I-V)  characteristics 
asymmetry  [10] 

S=UJP=LRI2U,  (2) 

where  Uj  is  the  detected  signal,  P  is  the  MW  power  which  the 
detector  have  absorbed.  Thus,  from  I-V  characteristics 
measurement  in  dc  regime  the  expected  value  of  potential  different 
arising  in  1-h  junction  under  MW  signal  effect  can  be  established. 


Fig.  1.  The  dependence  of  the  relative  resistance  difference  on  the  applied  voltage 
of  n-GaAs  point  contact  diode 

The  dc  measurements  of  I-V  characteristics  of  the  point 
contact  n-GaAs  diodes  at  room  (T=295  K)  and  liquid  nitrogen 
(T=80  K)  temperatures  have  shown  that  the  quality  of  investigated 
n-n*  structures  was  good  enough  to  verify  the  theoretical  results 
presented  above.  Fig.  1  depicts  the  experimental  dependences  of 
the  relative  resistances  difference  on  applied  voltage  of  point 
contact  diode  at  room  (light  dots)  and  liquid  nitrogen  (dark  dots) 
temperatures.  In  the  figure  the  theoretical  dependences  obtained 
from  (1)  are  presented  also.  The  values  of  electron  energy 
relaxation  time  at  T=295  K  and  T=80  K  were  taken  from  [1 1].  At 
liquid  nitrogen  temperature  the  relative  resistances  difference  of  the 
diode  is  greater  than  that  at  the  room  temperature  for  the  same 
value  of  applied  voltage.  It  is  connected  with  the  higher  value  of 
electron  mobility  and  energy  relaxation  time  in  n-  GaAs  at  T=80  K 
in  comparison  with  those  at  room  temperature. 

Using  the  MW  electric  field,  the  dependence  of  the 
detected  signal  on  the  applied  MW  power  was  measured  at  room 
and  liquid  nitrogen  temperatures.  When  the  MW  power  is  small 
(the  electrons  are  slightly  heated  by  the  electrie  field)  the  value  of 
the  detected  signal  is  directly  proportional  to  the  microwave  power. 
Therefore,  those  semiconductor  structures  may  be  used  as  the 
measurement  element  of  MW  power.  The  volt-power  characteristic 
at  room  temperature  is  linear  in  wider  range  of  MW  power  than 
that  at  liquid  nitrogen  temperature.  This  is  associated  with  the  fact 
that  at  T=295  K  r,  depends  slightly  on  the  instantaneous  value  of 


the  MW  electric  field  strength  whereas  at  liquid  nitrogen 


Fig.  2.  The  field  dependence  of  sensitivity  of  n-GaAs  and  n-Si  point  contact 
diodes 

temperature  the  electron  energy  relaxation  time  decreases  rapidly 
with  increase. 

The  measurement  of  the  detected  signal  of  diode  at  room 
temperature  in  stronger  MW  electric  fields  have  shown  that  the 
volt-power  characteristic  becomes  superlinear  in  contrast  to  the 
diodes  fabricated  on  the  base  of  Si.  The  dependences  of  the  voltage 
sensitivity  S  on  of  point  contact  diodes  based  on  n-GaAs  and  n- 
Si  are  shown  in  Fig.  2.  The  voltage  sensitivity  of  GaAs  diodes 
increases  with  the  absorbed  MW  power,  reaches  a  maximum  and 
then  starts  to  decrease.  The  field  dependence  of  voltage  sensitivity 
follows  that  one  of  diffusion  coefficient  in  n-GaAs  at  room 
temperature  determined  from  noise  temperature  measurements  [8] . 
The  slight  trend  to  decrease  of  S  before  its  increase  is  noteworthy. 
Such  a  peculiarity  also  observed  in  [12]  for  the  spectral  density  of 
the  current  fluctuation,  which  was  attributed  to  the  decrease  of 
electron  diffusivity  in  short  n*-n-n^  structures  of  GaAs.  Thus,  it 
may  be  concluded,  that  the  increase  of  the  voltage  sensitivity  of  the 
diode  based  on  the  small  area  GaAs  n-n-"  junction  accounts  for  by 
electron  energy  relaxation  time  and  the  diffusion  coefficient 
increase  in  strong  electric  field.  It  is  interesting  to  note,  that  the 
voltage  sensitivity  of  n-GaAs  diode  is  more  than  one  order  greater 
than  that  of  silicon  one,  though  the  value  of  resistance  of  the  diodes 
is  the  same  (i?,o=490  Q).  The  electric  field  strength  in  the  n-n* 
region  near  the  flat  n-n*  junction  may  be  expressed  as 

Ajj  ‘ij2RP 

E  V  (3) 

where  R,  is  resistance  of  point  contact  and  P  denotes  absorbed  MW 
power. 

The  I-V  characteristics  measurements  of  Au-p-pGe  non- 
heated  point  contact  diodes  in  dc  regime  have  shown  the  presence 
of  considerable  value  of  contact  resistance  of  the  diodes. 
Nevertheless,  the  sign  of  detected  signal  in  MW  electric  field  at 
room  temperature  corresponds  to  the  thermoemf  of  hot  carriers 
when  MW  power  is  low.  With  the  increase  of  MW  power  the 
detected  signal  changes  its  polarity.  At  liquid  nitrogen  temperature 
specific  resistance  of  the  Au-p-Ge  point  contact  diodes  has  different 
value  and  the  sign  of  detected  signal  was  opposite  to  that  at  room 
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temperature. 

The  influence  of  contact  resistance  on  diode  operation  can 
be  decreased  by  using  the  1-h  contacts  of  large  crossection.  In  order 
to  maintain  the  high  value  of  voltage  sensitivity  of  such  a  diode,  the 
narrow-long  shape  contacts  were  made  [13].  The  asymmetry  of  I-V 
characteristic  of  these  diodes  at  room  temperature  corresponds  to 
that  one  of  1-h  junction,  while  at  liquid  nitrogen  temperature  it 
takes  place  only  for  low  value  of  applied  voltage.  For  higher 
voltages  the  sign  of  asymmetry  was  opposite.  The  sign  of  detected 
signal  of  such  the  diodes  follows  the  sign  of  I-V  characteristics 
asymmetry.  The  experimental  value  of  asymmetry  at  room 
temperature  exceeds  calculated  one  for  a  diode  with  1-h  junction  of 
narrow-long  shape 

W 

\2Lr^epf^\n{4Llr^) 

where  2L  is  the  length  of  contact,  and  2r^  is  the  width  of  contact. 

The  experimental  and  theoretical  values  of  asymmetry  at 
T=80K  are  in  close  agreement.  Nevertheless,  it  could  not  say  that 
we  deal  with  1-h  junction  of  good  quality,  because  the 
nonmonotonical  dependence  of  resistance  change  on  applied  voltage 
was  noL  observed  at  T=80K  for  forward  current.  The  barrierless 
structure  of  Au-p-Ge  is  taken  to  explain  the  above  experimental 
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Fig.  3.  Temperature  dependence  of  voltage  sensitivity  of  Au-p-Ge  contacts  diode 
annealed  at  different  temperatures  in  hydrogen  atmosphere 


facts  at  liquid  nitrogen  temperature. 

The  thermal  annealing  of  Au-p-Ge  contacts  in  hydrogen 
atmosphere  changes  strongly  their  electrical  properties.  The 
resistance  of  the  diode  decreases  with  lattice  cooling  for  not- 
annealed  contact  and  for  that  annealed  at  400  “C.  However,  the 
temperature  dependence  of  the  resistance  of  the  diodes  did  not 
follow  the  temperature  dependence  of  specific  resistance  of  p-Ge. 
The  temperature  dependence  of  voltage  sensitivity  of  Au-p-Ge 
contacts  diodes  depends  strongly  on  annealing  temperature  of 
those  (Fig.  3).  The  slight  temperature  dependence  of  non-annealed 
contact  should  be  noted.  This  feature  of  the  diode  determined  the 
wide  use  of  it  in  MW  power  measurement  devices.  The  annealing 
of  Au-p-Ge  contacts  made  the  temperature  dependence  of  voltage 
sensitivity  of  the  diode  more  pronounced.  If  the  r.„  is  less  than 
eutectic  temperature  of  Au-Ge  (r.„.,=356  °C),  S  decreases  and 
changes  its  sign  with  lattice  cooling.  When  the  voltage 

sensitivity  increases  slightly  with  lattice  temperature  decrease  up  to 


lOOK.  The  further  cooling  causes  a  considerable  increase  of  S. 
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Fig.  4.  The  dependence  of  tlie  Au-p-Ge  contacts  diode  detected  signal  on  applied 
MW  power.  1  -  not-annealed  contact;  2  -  annealed  at  370  °C.  Dark  dots 
corresponds  T— 80K,  the  light  dots  stand  for  T=295K. 


It  is  interesting  to  analyze  the  voltage-power 
characteristics  of  such  diodes  at  liquid  nitrogen  temperature.  Fig. 

4  depicts  these  characteristics  of  not-annealed  diodes  and  diodes 
annealed  at  370  °C  in  hydrogen  atmosphere.  While  the  voltage- 
power  characteristics  of  not-annealed  diodes  are  linear  both  at 
T=295K  and  T=80K,  then  those  for  the  annealed  diodes  are 
nonmonotonical  at  liquid  nitrogen  temperature.  Firstly,  the 
dependence  of  t/j  on  applied  MW  power  follows  square  law, 
reaches  a  maximum,  decreases  rapidly  and,  finally,  negative  region 
of  detection  signal  appears  (negative  values  of  are  not  shown). 
We  have  found  this  dependence  very  similar  to  that  in  highly 
compensated  InSb<Cr>  and,  consequently,  attributed  the 
existence  of  region  with  negative  detection  signal  to  the  electron- 
gas  cooling  effect.  The  essence  of  this  phenomenon  is  electron 
localization  in  the  random  potential  valleys  after  optical  phonon 
emission  [14]. 

The  I-V  characteristics  of  In-p-Ge  diodes  at  room 
temperature  are  similar  to  those  of  1-h  junction,  although  the 
experimental  value  of  their  asymmetry  exceeds  one  order  of 
theoretical  one.  The  sign  of  asymmetry  at  T=80K  corresponds  to 
that  one  of  1-h  junction  for  low  value  of  applied  voltage,  while  for 
higher  voltage  the  asymmetry  changes  its  sign.  The  field 
dependence  of  detected  signal  of  such  a  diode  placed  in  MW 
electric  field  follows  the  field  dependence  of  I-V  characteristics 
asymmetry.  Measurements  of  temperature  dependences  of  voltage 
sensitivity  have  shown  their  weak  dependence  on  annealing 
temperature.  The  value  of  voltage  sensitivity  does  not  change  when 
lattice  temperature  exceeds  T=250K,  then  at  lower  temperatures 
voltage  sensitivity  changes  its  sign. 

The  quality  of  1-h  junction  diodes  depends  on  doping  level 
of  heavily  doped  region.  Doping,  in  our  case,  is  produced  by 
melting  process.  Consequently,  Al  is  preferable  as  doping  material, 
since  it  has  better  solubility  in  germanium  in  comparison  to  that  of 
Au  and  In.  We  observed  that  really  the  diodes  based  on  Al-p-Ge 
contacts  has  much  better  temperature  dependence  of  voltage 
sensitivity  than  in  the  case  of  Au  and  In  contacts  diodes.  High  value 
of  specific  contact  resistance  is  characteristic  to  Al-p-Ge  contacts 
annealed  at  temperature  below  the  eutectic  one  C). 

The  voltage  sensitivity  of  Al-p-Ge  diodes  annealed  at  temperature, 
which  exceeds  increases  with  lattice  cooling.  However,  the 
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temperature  dependence  of  S  does  not  correspond  the  temperature 
dependence  of  electron  energy  relaxation  time  and  mobility  in 
germanium  [15].  That  is  why  either  in  the  case  of  A1  contact  to 
germanium  we  deal  with  quasi-ohmic  contact. 

4.  Conclusions 

1 .  The  voltage  sensitivity  of  the  diode  based  on  small  area 
GaAs  n-n*  junction  increases  with  electric  field  strength  due  to  the 
increase  of  both  the  electron  energy  relaxation  time  and  the 
diffusion  coefficient. 

2.  Investigated  contacts  of  different  metals  (Au,  In,  Al)  to 
p-type  germanium  manifest  itself  as  quasi-ohmic  contacts.  The 
thermoelectromotive  force  of  hot  holes  in  such  contacts  is  found  to 
increase  with  the  decreasing  lattice  temperature.  We  associate  it  to 
the  increase  in  hole  mobility  and  phenomenological  energy 
relaxation  time. 

3.  The  nonmonotonical  dependence  of 
thermoelectromotive  force,  arising  in  Au-p-Ge  annealed  contacts 
on  applied  microwave  power,  can  be  explained  by  hole  cooling 
effect  in  germanium. 
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Introduction 

A  thermoelectric  module  (TM)  is  a  thermoelectric  battery, 
consisted  of  thermocouples  and  sandwiched  between  two  ce¬ 
ramic  plates  (heat  exchangers).  Each  thermocouple  involves 
two  elements  n-type  and  p-type  conductivity,  respectively.  TM 
thermocouples  are  placed  in  series  to  the  electric  current  and 
in  parallel  to  the  heat  flow. 

If  TM  are  manufactured  in  considerable  amount  .direct  de¬ 
termination  of  their  consumer  parameters  (maximum  temper¬ 
ature  differential  AT^,  maximum  heat  pumping  capacity  Qm, 
current  and  voltage  to  reach  ATm  or  Qm)  takes  a  lot  of  time. 
That  is  why  we  obtain  such  data  from  random  tests.  To  de¬ 
termine  the  quality  of  all  produced  TM  they  are  tested  by 
computer-aided  system  (CAS),  that  is  intended  to  measure 
TM  parameters  (figure  of  merit  Z  and  resistance  R)  in  air  at 
room  temperature  in  passive  thermostats  by  modified  Harman 
methodk  By  analogy  with  [1]  the  TM  figure  of  merit  in  air  is 
taken  equal  to: 

^  "  RiK  +  K,) 

where  TM  Seebeck  coefficient  Sm  —  A(|5n|  +  I'SpI)  (15n|  and 
IS'pl  are  absolute  values  of  n-type  and  p-type  element  See¬ 
beck  coefficients,  respectively,  and  N  denotes  the  thermocou¬ 
ple  quantity  in  a  TM),  R  and  K  are  TM  resistance  and  thermal 
conductance,  respectively,  and  Ka  designates  thermal  conduc¬ 
tance  of  air,  sandwiched  between  TM  heat  exchangers. 

When  a  weak  direct  current  I  flows  through  a  TM,  a  small 
temperature  difference  between  TM  heat  exchangers  reachs 
AT  =z  Th  -  Tc  {Th  and  Tc  denote  hot  and  cold  exchanger 
temperatures,  respectively)  in  steady  state  conditions.  Then 
TM  terminal  voltage  will  be; 

Ui^IR  +  U,  (2) 

where  TM  terminal  voltage  due  to  temperature  difference  AT 
is  equal  to: 

Us  =  SmAT  (3) 

Measurement  of  TM  parameters 

The  CAS  consists  of  a  managing  personal  computer  PC  with 
a  display  D,  measurement  means  (digital  voltmeter  DV  and  a 
instantaneous  sampling  unit  ISU),  commutator  C  and  a  sta¬ 
bilized  direct  current  source  CS.  TM  are  enclosed  in  passive 
thermostats  PTl  and  PT2.  A  conceptual  sketch  of  CAS  is 
shown  in  fig.l,  where  double  and  single  lines  display  pathways 
of  digital  and  analog  values,  respectively. 

Enclosed  in  a  passive  thermostat  TM  is  connected  to  mea¬ 
surement  means  by  four-wired  cirquit  -  two  wires  for  current 
and  two  -  for  voltage.  In  the  initial  stage  of  the  test  a  current 
does  not  flow  through  a  TM  and  TM  terminal  voltage  Uo  is 

^The  note  added  in  proof:  Similar  problems  are  discussed  in  [5]. 


measured  so  long  as  Uo  absolute  value  remains  bigger  than  the 
predeterrainated  one. 

When  the  initial  stage  is  completed,  a  depending  on  the  TM 
type  stabilized  current  is  switched  on  and  TM  terminal  voltage 
Ui  is  measured  so  long  as  the  voltage  remains  a  variable.  In 
the  second  stage  a  TM  heat  equilibrium  with  environment  has 
been  reached,  when  the  voltage  becomes  constant  or  can  vary 
with  a  rate,  that  is  less  than  the  predeterminated  value. 


Figure  1:  A  schematic  sketch  of  computer-aided  system 


When  the  second  stage  is  completed,  CAS  measures  U,.  It 
is  done  by  the  same  measurement  means,  but  now  the  current 
is  interrupted  for  a  short  measurement  time  at  a  frequency  of 
10  Hz.  When  the  current  is  interrupted  for  a  short  time,  the 
TM  terminal  voltage  is  equal  to  U,.  To  a  first  approximation, 
the  TM  parameters  can  be  calculated  by  following  expressions: 


R 


Ui  -  U, 

I 


(4) 


1  Us 

t'  Ui- U, 


(5) 


where  T  is  equal  to  (Th+Tc)l‘2  -  mean  TM  temperature,  that 
is  approximately  equal  to  -  passive  thermostat  temperature 
(Harman  expression  [2,  3]).  The  temperature  Ta  is  measured 
by  a  resistance  thermometer  before  the  initial  stage. 

During  the  second  stage  the  current  I  is  measured  by  termi¬ 
nal  voltage  across  a  reference  resistance  Rr  connected  in  series 
with  TM  under  test.  If  the  current  differs  from  the  fixed  de¬ 
pending  on  TM  type  value  by  a  predeterminated  part  of  it, 
some  message  appears  on  display  and  a  short  melody  sounds. 

We  have  the  same  reaction,  if  something  is  wrong  with  the 
test.  For  example,  if  the  initial  or  the  second  stage  takes  too 
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values,  that  are  the  corresponding  parameters  of  the  measured 
TM,  if  it  were  without  the  fault. 

In  the  (A)  type  fault  case  the  damaged  TM  part  (or  two 
adjacent  parts)  has  a  low  resistance  and  thermoEMF  as  com¬ 
pared  to  intact  analogous  TM  parts.  There  is  a  method  for  es¬ 
timation  of  the  shunted  thermocouples  quantity  and  the  shunt 
resistance.  If  the  last  is  significanly  below  the  shunted  ther¬ 
mocouples  resistance,  it  can  be  obtained  from  Ohm’s  law  and 
expression  (1),  that  : 


R  _  N-Nf 
Ro  ~  N 
Z  _  N  -Nf 
To  ~  N  +  NfZoT 


(13) 

(14) 


where  Nf  -  shunted  thermocouples  quantity,  and  a  product 
ZoT  here  may  be  cosidered  to  be  equal  to  0.73.  It  is  interest¬ 
ing,  that,  if  shunted  thermocouples  line  has  an  open  cirquit, 
the  expression  (13)  is  valid  but  the  expression  (14)  has  to  be 
replaced  by  : 


Z  _  N-Nf 
To  ~  N 


(15) 


If  a  heat  exchange  of  the  shunted  thermocouples  with  intact 
TM  parts  is  hampered  by  some  causes,  an  influence  of  the 
shunting  on  the  TM  figure  of  merit  is  become  weaker,  and  if 
such  heat  exchange  is  absent,  the  same  is  true  for  the  influ¬ 
ence.  There  are  expressions  for  more  general  cases,  when  a 
shunt  resistance  and  a  local  extra  resistance  in  the  shunted 
thermocouples  line  may  have  arbitrary  values, or  when  the  ce¬ 
ramic  plates  have  an  arbitrary  conductance  in  the  base  plane 
direction, but  these  expressions  are  too  cumbersome. 

In  the  (B)  type  fault  case,  that  affects  on  any  TM  element 
to  one  or  another  extent,  there  is  a  detectable  dispersion  of 
the  TM  part  resistances  and  thermoEMFs,  when  a  TM  part 
thermocouple  quantity  is  constant.  It  may  be  shown  under 
some  assumptions,  that  the  (B)  type  fault  scarcely  affects  on 
the  damaged  element  heat  conductance  and  lowers  the  element 
thermoEMF  and  its  resistance  so,  that  the  first  is  proportional 
to  the  second.  So,  the  ratio  between  a  thermoEMF  and  resis¬ 
tance  is  approximately  equal  to  a  constant  for  any  TM  part. 
The  highest  resistance  R^,  that' a  undamaged  comprising  of 
M  thermocouples  TM  part  can  have,  is  equal  to  : 


Rm  =  M{pn  +  Pp)^  (16) 

where  pn  and  pp  are  the  highest  resistivities  of  suitable  mate¬ 
rials  with  a  n-type  and  p-type  conductivity,  respectively,  and 
the  L  and  S  are  the  length  and  cross  section  area  of  a  TM 
element.  If  the  TM  part  resistance  is  equal  to  or  less  than 
Rm,  and  if  a  TM  part  has  the  highest  resistance  in  compari- 
sion  with  resistances  of  other  parts  of  TM  under  test,  such  TM 
part  may  be  cosidered  to  be  undamaged.  Thus,  the  required 
expressions  will  be  the  following  : 


Ro 

~  ’'m: 

(17) 

Z 

R 

(18) 

To 

Ro 

where  Rh  and  Nh  are  sums  of  resistances  and  thermocouple 
quantitives,  respectively,  of  undamaged  TM  parts  in  the  sense 
of  (B)  type  fault. 

If  the  TM  under  test  has  a  part  with  resistance,  that  is 
higher,  than  the  Rm  obtained  from  the  expression  (16),  such 
part  is  decided  to  have  a  (C)  type  fault.  A  (C)  type  fault 
may  often  be  detected  and/or  confirmed  by  a  TM  resistance 


dependence  on  a  local  pressure.  In  such  a  case,  the  expressions 
will  be  : 


Ro 

1! 

(19) 

Z 

Hq 

(20) 

To 

~R 

where  Ra  and  Na  are  sums  of  resistances  and  thermocouple 
quantitives,  respectively,  of  undamaged  TM  parts  in  the  sense 
of  (C)  type  fault. 

If  all  TM  parts  have  resistances  with  nearly  the  same  values 
and  some  of  them  have  reduced  thermoEMFs  as  compared  to 
another  parts,  it  can  be  assumed,  that  (D)  type  faults  exist  in 
the  TM.  If  the  TM  under  test  contains  Np  of  (D)  type  faults, 
the  expressions  will  be  the  followig  : 


A 

Ro 

Z 

To 


1 


(1  _  A)2 

''  N  ’ 


(21) 

(22) 


If  in  the  assembly  of  a  TM  a  ceramic  plate  (or  plates)  with 
a  pattern  of  commutation  was  improperly  oriented  in  relation 
to  the  matrix  of  elements,  the  (E)  type  fault  exists  in  the  TM. 
The  TM  parameters  are  reduced  and  the  reduction  depends 
on  thermocouple  commutation  cirquit. 

If  we  have  to  suppose  several  fault  types  in  one  TM,  the 
calculations  are  performed  step  by  step.  The  order  of  such 
calculations  to  ’’repair”  the  TM  is  as  follows:  type  (C)  and 
type  (A)  and  then  types  (B)  and  (D).  To  obtain  Ro  value  by 
expression  (19),  type  (C)  and  type  (A)  have  to  be  taken  into 
account  simultaneously.  If  a  (E)  type  fault  takes  place  in  the 
TM  under  test,  it  has  to  be  ’’repaired”  first  of  all. 

Use  of  these  expressions  makes  a  search  for  faults  quantita¬ 
tive  and  more  certain.  When  such  faults  could  be  removed,  a 
sufficient  accuracy  of  these  expressions  was  confirmed. 

There  are  some  faults,  that  influence  on  TM  performance 
but  can  not  be  detected  because  they  do  not  directly  affect 
on  the  TM  figure  of  merit  and  TM  resistance.  This  is  an 
improper  polarity  of  a  TM  as  a  whole,  or  a  bad  heat  contact 
of  a  thermocouple  with  a  heat  exchanger,  that  is  particularly 
dangerous  on  the  hot  side  of  a  TM.  The  elaboration  of  methods 
and  means  for  detecting  such  faults  is  in  our  long-term  plans. 
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much  time,  or  some  votage  is  more  than  a  predeterminated 
value,  or  TM  parameters  are  out  of  fixed  interval,  and  so  on. 
Thus,  CAS  can  automatically  reject  the  flawed  TMs.  When 
the  occasion  requires,  an  operator  has  to  choose  between  sev¬ 
eral  options,  what  to  do. 

Six  TMs  are  measured  at  once  in  one  passive  thermostat  to 
lower  testing  time.  All  these  TMs  are  connected  in  series  to 
electric  current  provided  by  the  current  sourse  CS.To  measure 
a  voltage  across  each  TM  or  a  reference  resistance,  their  ter¬ 
minals  are  connected  to  measurement  means  by  a  commutator 
C.  While  these  six  TMs  are  being  measured,  an  operator  have 
a  possibility  to  replace  the  metered  TMs  in  the  other  passive 
thermostat  by  new  six  ones. 

A  serial  No  and  parameters  of  metered  TM  is  associated 
with  the  place,  where  it  have  been  measured,  and  this  infor¬ 
mation  is  stored  in  PC  memory.  Such  data  serves  to  reject  the 
flawed  TMs.  Also  such  data  is  available  for  statistical  treat¬ 
ment,  printing,  transmitting  to  another  computer  and  so  on. 

CAS  provides  high  reproducibility  of  the  TM  parameters 
measurments  (d:0.25%  for  a  TM  with  more  than  70  thermo¬ 
couples). 


between  the  TM  and  environment  on  TM  figure  of  merit.  A 
following  equation  can  be  obtained  from  the  sum  of  (6)  and 


(7)  : 


H^AT+IUi 
H,  +  H„ 


(9) 


A  TM  resistance  R,  that  wa.s  measured  at  mean  TM  tem¬ 
perature,  is  to  be  related  to  a  temperature  of  295  K  by  tem¬ 
perature  coefficient  of  TM  resistance,  that  is  equal  to  0.4  %/K: 


H  ^  +  0.004(295  -  T,  -  ATh  +  AT/2))  (10) 

By  the  first  approximation,  the  values  AT  and  AT/,  in  (10) 
may  be  taken  as  zero. 

By  successive  approximation,  the  Seebek  coefficient  Sm  can 
be  calculated  from  expression  (1)  ; 


/ZR{K  +  K^) 


if  the  heat  conductivities  of  TM  elements  and  air,  and  di¬ 
mensions  of  all  TM  parts  are  known.  Thus,  the  temperature 
difference  AT  can  be  calculated  from  expression  (3)  : 


Corrections  to  Harman  expression  estimation 

Corrections  to  Harman  expression  were  calculated  by  TM  en¬ 
ergy  balance  analysis.  TM  Joule  heating,  thermal  conductance 
of  air,  heat  flow  through  wires,  and  heat  exchange  with  envi¬ 
ronment  by  radiation  and  convection  were  taken  into  account 
in  TM  energy  balance  analysis.  For  this  purpose  a  simultane¬ 
ous  solution  of  two  ceramic  plate  heat  balance  equations  must 
be  obtained.  The  equations  are  as  follows: 

-  S^IT,  +  ^I^R  4-  (A'  4-  Ka)AT  +  A„(To  -  Tc)  =  0  (6) 

SmITh  +  ^I^R  -  (A  4-  Ka)AT  -  -  T„)  =  0  (7) 

where  (6)  and  (7)  are  related  to  cold  and  hot  ceramic  plates, 
respectively.  A„  and  H„  are  effective  heat  conductances  of 
heat  exchange  processes  between  a  corresponding  plate  and 
environment.  Effective  heat  exchange  coefficients  due  to  con¬ 
vective  and  radiative  processes  between  the  plate  and  envi¬ 
ronment  are  included  in  and  as  summands.  An  effec¬ 
tive  heat  exchange  coefficient  due  to  heat  contact  between  the 
plate  and  lead  wires  is  also  included  in  Hn  as  a  summand.  It 
is  considered,  that  lead  wires  have  a  heat  exchange  with  envi¬ 
ronment  due  to  convective  and  radiative  processes  and  current 
wires  Joule  heating  could  be  neglected.  If  a  current  is  alter¬ 
nated,  one  have  to  interchange  the  position  of  //„  and  in 
(6)  and  (7).  A„  and  A„  can  be  estimated  approximately  by 
methods  described  in  [4],  if  all  dimensions  of  the  plate  and 
distances  between  its  outer  surface  and  thermostat  inner  walls 
are  known.  Let  us  denote  the  difference  Th-Ta  by  AT/,  and 
point  out,  that  the  difference  Ta-Tc  is  equal  to  AT  —  AT/,. 
Subtracting  (6)  from  (7)  one  can  obtain  ; 

2  -  _ -  (8) 

T„  4-  AT/,  -  AT/2 

A,(AT- AT/,)4- AnAT/,\  _1_  U. 

^  2(A  4-  Ka)AT  )'  t/  Ui-  U, 

The  equation  (8)  differs  from  (5)  by  two  correction  factors, 
that  by  first  approximation  may  be  taken  as  1.  The  first  of 
them  is  a  ratio  of  environment  temperature  Ta  to  TM  mean 
temperature,  that  is  equal  to  Ta-f  AT/,  — AT/ 2,  and  the  second 
one  takes  properly  into  account  the  influence  of  heat  exchange 


AT=U,ISm  (12) 

By  successive  approximation,  the  AT/,,  Z  and  R  values  can 
be  calculated  from  expressions  (9),  (7)  and  (10),  respectively. 
The  iterative  scheme  converges  to  unique  solution  rapidly  for 
aTM. 

The  corrected  values  of  R  and  Z  allow  to  calculate  the  con¬ 
sumer  parameters  each  of  produced  TM  with  sufficient  accu¬ 
racy.  In  these  calculations,  it  has  to  be  taken  into  account, 
that  the  vacuum  value  of  the  TM  figure  of  merit  can  be  ob¬ 
tained,  if  the  corrected  value  of  Z  is  multiplied  by  a  factor 
1  4-  Ka/K.  The  averaged  over  a  perfomance  temperature  in¬ 
terval  vacuum  value  of  the  TM  figure  of  merit  is  reduced  by 
4  %  as  compared  to  the  room  temperature  one. 

TM  rejection  causes  analysis 

In  order  to  affect  on  the  production  process,  the  TM  rejection 
causes  analysis  is  performed.  If  the  TM  parameters  are  out 
of  predeterminated  interval,  the  TM  is  tested  to  find  faults 
responsible  for  decrease  its  figure  of  merit  and  for  variation  its 
resistance.  This  test  is  performed  by  a  facility,  that  is  intended 
to  measure  resistance  and  thermoEMF  of  separate  TM  parts. 
An  analysis  of  such  data  allows  to  suppose  some  TM  faults. 

Let  us  list  the  commonly  occuring  faults  in  the  rejected 
TMs. 

(A)  -  there  is  some  resistance  in  parallel  with  a  part  of  the 
TM  thermocouples  cirquit  (for  instance,  a  short  cirquit); 

(B)  -  there  is  a  shunting  of  an  element  side  surface  part 
adjacent  to  the  junction  by  solder; 

(C)  -  there  is  a  local  heightened  resistance  due  to  the  junc¬ 
tion  low-quality  soldering; 

(D)  -  there  is  an  improper  conductivity  type  element  (there 
is  an  element  misalignment  in  relation  to  the  TM  process  draw- 

ing); 

(E)  -  there  is  an  improper  commutation  of  the  TM  thermo¬ 
couples  cirquit; 

(F)  -  there  are  arbitrary  combinations  of  the  above-listed 
faults  in  a  TM. 

We  shall  describe  major  indications  allowing  to  suppose  one 
or  other  fault  type.  New  expressions  describing  the  effect  of 
typical  faults  on  TM  R  and  Z  values  have  been  derived.  These 
expressiones  provide  a  possibility  of  estimating  the  Rq  and  ffo 
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Thermoelectric  A.C.  converters  (TEC)  are  used  in 
measuring  technique  and  metrology.  High-precise 
measuring  devices  and  equipment,  standards,  reference 
measures  of  current,  voltage  and  power  operating  in  wide 
frequency  range  have  been  developed  on  the  base  of 
TECs. 

TEC  is  a  device  consists  of  a  thermocouple  or  a 
tliermobattery  having  tliermal  contact  with  a  resistance 
heater  and  enclosed  into  an  evacuated  case  [1].  Fig.  1,2 
shows  the  electric  circuit  and  TEC  structure.  The  input 
circuit  made  by  the  heater  is  in  the  most  cases  insulated 
from  output  circuit  made  by  a  thermocouple. 


Fig.2.  TEC's  structure 

1  -  case,  2  -  thermostatting  bus,  3  -  thermal  conductive 
electrical  Insulation,  4  -  mounting  leads, 

5  -  thermocouple,  6  -  heater. 

Previously  thermoelectric  converters  were  made,  as 
a  rule,  on  the  base  metal  thermocouples  (chromel-copel. 


chromel-alimel,  copper-constantan  and  the  like). 
Increased  requirements  for  A.C.  measurements  precision 
and  reliability  showed  that  TEC  base  on  metal 
thermocouples  have  been  exliausted  and  cannot  provide 
furtlier  development  of  high-precise  A.C.  measurhig 
means  hi  full  measure. 

Next  step  that  permitted  sufficiently  increase  TECs 
parameters  and  characteristics  was  the  use  of 
thermocouples  made  of  semiconductor  tliermoelectric 
materials  combined  liigh  thermoelectric  figure  of  merit 
with  time  and  temperature  stability  of  them  parameters. 
As  tlie  hivestigations  showed  [2],  semiconductor 
thermoelectric  materials  based  on  CdSb  and  Bi2Te3  solid 
alloys  optimized  in  response  to  measuring  engineering 
and  metrology  requhements  were  the  best. 

Developed  procedure  of  microminiature 
semiconductor  thermoelements  production  enable  hi 
traditional  structure  solutions  to  realize  the  best  sensitivity 
values  (more  tan  100  V/W)  that  is  an  order  of  magnitude 
liigher  of  the  best  TECs  with  metal  thermocouples 
sensitivity. 

Development  semiconductor  TECs  with  one 
tliermocouple  operathig  hi  inert  gases  medium  witli 
reduced  tliermal  conductance  predeternihied  the 
possibility  of  structure  materials  wider  choice  and  as  a 
consequence,  sufficient  reduction  of  a  frequency  error. 

Squareness  of  TEC  volt-ampere  chaiacteristics  is 
along  with  sensitivity  and  frequency  error  tlie  basic 
characteristic  in  tlie  devices  for  power  and  A.C.  power 
coefficient  measurements.  Squareness  improvement  in 
TECs  with  metal  thermocouples  is  acliieved  basically  by 
tlie  use  of  thermobatteries  with  30-50  thermocouples  that 
as  a  rule,  sharply  limits  the  frequency  range  of  these 
TECs  use. 

As  a  result  of  complex  investigations  we  have 
established  that  use  of  high-efficient  semiconductor 
tliermocouples  will  enable  to  solve  the  problem  of  TECs 
parameters  and  characteristics  control.  The  basis  for 
control  is  the  TECs  parameter  dependence  on  heat 
exchange  with  ambient  conditions.  Tlie  deviation  of  a 
semiconductor  TEC  volt-ampere  characteristic  from  the 
squareness  law  can  be  essentially  reduced  by  the  choice 
of  special  heat  exchange  conditions  [3].  It  should  be 
noted  tliat  the  requhed  deviations  from  squareness 
(0.02%)  hi  semiconductor  TECs  are  realized  in  structures 
with  one  thermocouple  that  greatly  extends  operating 
frequency  range.  Change  of  heat  exchange  conditions  is 
achieved  by  choice  and  tlie  TEC  operation  volume  filling 
with  a  composition  of  inert  gases  mixture  both  as  at 
reduced  and  elevated  pressure.  Gas-filled  TECs  possess 
relatively  high  sensitivity  (5-10  V/W),  wide  operating 
frequency  range  of  application  (10Hz-150MHz)  at 
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squareness  of  volt-ampere  clraracteristic  no  worth  than 
0.02%  (see  Table  1,  TPV,  TPG  types). 


Fig.3.  DTEC  electrical  circuit 
1,2  -  heaters,  3  -  differential  thermobattery. 


1-  case,  2  -  thermostatting  bus, 

3  -  identical  heaters,  4  -  a  thermocouple  electrical  leads, 
5  -  thermocouple  (thermobattery),  6  -  mounting  leads, 

7  -  sealing  leads. 


Development  of  digital  A.C.  measuring  devices 
caused  production  and  wide  spread  of  differential  TECs 
(DTECs  that  have  two  identical  inputs  and  a  differential 
thermocouple  or  a  battery  of  tliermocouples  (see  fig. 3, 4). 
Tlie  method  of  shnultaneous  comparison,  that  is,  A.C. 
measured  value  is  judged  by  the  difference  of  A.C.  and 
D.C.  signal  thermal  effects,  is  realized  in  measuring 
devices  by  such  DTECs.  Identity  of  volt-ampere 
characteristics  on  tlie  botir  inputs  that  directly  effects  on 
conversion  precision  is  of  special  unportance  for  such 
TECs.  It  was  made  semiconductor  DTECs  the 
characteristic  slope  control  of  which  is  carried  out  by  heat 
exchange  intensity  change  between  tlrermoelements  and 
thermostat-case.  Volt-ampere  characteristics  identity  of 
corrected  DTECs  is  no  worth  than  0.02%  (DTEC  type, 
Table  1).  It  should  be  pomted  out  that  DTECs 
characteristics  correction  can  be  done  during  operation. 
Tliis  ensures  the  possibility  of  DTECs  metrological 
properties  recovery  in  tlieir  worsening  due  to  peak 
overload  effects  or  other  reasons. 


For  automatic  measuring  complexes  it  was 
developed  DTECs  supplied  with  additional  correcting 
heaters,  not  connected  galvanically  with  working  heater's 
and  tliermocouples.  Such  DTECs  enable  to  correct  a 
number  of  errors  (nonidentity,  temperature,  frequency) 
witli  the  help  of  program  devices. 

Fast  response  TECs  were  developed  on  the  base  of 
semiconductor  thermocouples,  period  of  stationai'y  state 
setting  is  not  exceeded  0.1  s.  Tliese  TECs  have  liigh 
sensitivity  and  increased  reliability  (TPB  type.  Table  1). 

The  developed  semiconductor  TECs  and  DTECs 
by  convei'sion  precision,  measured  values  dynamic  range, 
fast  response,  conversion  frequency  range,  reliability  and 
other  parameters  compared  favourably  with  the  known 
conveifcis  with  metal  thermocouples.  Tlicy  made  a  good 
showmg  in  devices  of  welding  processes  control  and 
automatization  [4], in  development  of  reference  means  of 
metrological  purposes  [5]  (T480  type),  and  can  be  further 
used  in  design  of  reference  digital  converters  of 
metrological  purpose. 
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It  was  developed  and  described  the  mathematical  model  and 
on  its  basis  it  was  determined  an  instiaimental  eiTor  of  the 
contact  resistance  measurement  pulse  method.  Contact 
resistance  measurement  error  dependence  on  different 


parameters  (pulse  duration, 
analyzed. 

Contact  resistance  value  is  one  of  the  most 
important  parameters  of  thermoelements  significantly 
effecting  on  their  quality  and  especially  on  the  miniature 
thermoelements  maximum  temperature  difference  and 
coefficient  of  performance. 

The  known  methods  [1,2,3]  permit  to  calculate 
contact  resistance  value  in  steady-state  and  pulse 
conditions. 


contact  resistance  value)  was 

Model  for  calculation  is  given  m  Fig.l.  It  has  a  leg 
of  tliennoelectric  material  1  which  is  in  thermal  and 
electric  contact  2  with  a  commutation  plate  3.  Direct 
current  pulse  of  j  density  is  passed  through  the  contact 
(Fig.2). 

Fig.2  Rectangular  current  pulse  passed  through  the  contact 
metal-thermoelectric  material. 


The  work  [1]  proposes  tire  metliod  of  metal- 
semiconductor  contact  resistance  determination  by 
mdication  of  thermo-e.m.f.  zero  equality  developed  by 
the  contact  when  direct  current  pulses  passed  tluough  tlie 
contact.  In  accordance  with  [1]  the  contact  resistance 
equals  to 

R„  =  (ai  -  afiT  /  /q  , 

where  (a,  -  a2)  is  the  difference  of  semiconductor  and 

metal  coefficients  of  thermo-e.m.f.,  T  is  the  contact 
temperature,  Iq  is  the  pulse  current  correspondhig  to  tlie 
thermo-e.m.f.  zero  signal. 

The  paper  [1]  unfortunately  did  not  take  into 
account  the  Joule  heat  entered  to  tire  contact  of  a 
semiconductor,  metal  and  semiconductor  thermal 
capacity,  error  of  tire  used  zero-indicator,  and  it  did  not 
give  the  precise  assessment  of  the  proposed  method.  The 
present  paper  gives  the  temperature  dynamics 
temperature  of  thermoelectric  material  with  metal  plate 
contact  when  direct  current  rectangular  pulses  passed 
tluough  the  contact;  compensation  current  corresponding 
to  the  contact  zero  temperature  at  tlie  end  of  pulse  action 
and  the  error  of  contact  resistance  detennination  by  tlie 
compensation  current. 

Diagram  of  tlie  contact  is  given  in  Fig.l. 

Fig.l.  Diagram  of  a  metal-thermoelectric  material  contact. 


Current  density 


The  contact  overheating  temperature  can  be 
represented  as  tlie  sum  (Fig.3) 

6T{f)  =  A +  ^T +  RT , 

AT  is  the  contact  temperature  change  due  to  current 
passing  at  the  end  of  a  pulse, 

6Tjoaie.coniact  is  the  coiitact  temperature  change  due  to  the 
Joule  heat  release  on  the  contact  at  the  end  of  a  pulse, 

ATjouie.branch  fs  tlie  contact  temperature  change  due  to  tlie 
Joule  heat  release  in  a  leg  at  the  end  of  a  pulse, 

ATpeiiier  h  tlic  coiitact  temperature  change  due  to  the 
Peltier  heat  release  in  tlie  contact  at  the  end  of  a  pulse, 

at  •  Y  •  f 

^  ■*  Joule,  contact  ^  ’ 


Table. 


343 


T480/ 

10 

o 

O 

o 

t-H 

50 

80 

o 

od 

•4^ 

O 

l-H 

1 

o 

(N 

0.01- 

0.02 

0.005- 

0.05 

3-4 

1 

in 

o  T-H 

o  o 

1 

o  m 

p  p 

o  o 

0.1-0.5 

o 

^H 

r-H 

250 

1-1.5 

CO  oo 

T*H  <N 

34 

T480/ 

5 

in 

300 

400 

30 

4.0 

O 

1 

o 

cs 

0.01- 

0.02 

0.005- 

0.05 

3-4 

m 

0.05- 

0.1 

1 

^H 

o  in 
o  o 
d  d 

0. 1-0.5 

0.5-5 

250 

1-1.5 

CO  CO 

t-h  <n 

34 

T480/ 

3 

cn 

500 

400 

20 

4.4 

o 

tH 

o 

cs 

0.01- 

0.02 

0.005- 

0.05 

3-4 

(N  m 
o  o 

o  o 

0.05- 

0.1 

\ 

t-h 

o  in 
o  o 

o  o 

0.1-0.5 

0.3-3 

400 

1-1.5 

CO  oo 
^  <N 

34 

T480/ 

1 

750 

500 

o 

13.4 

o 

o 

<s 

0.01- 

0.02 

0.005- 

0.05 

3-4 

m 

0.05- 

0.1 

0.001- 

0.05 

0. 1-0.5 

tH 

T— ^ 

d 

009 

1-1.5 

18 

28 

34 

TPG  5 

in 

2.5 

500 

30 

50 

00 

o 

o 

0.05- 

0.1 

0.05- 

0.1 

<N 

1 

t-h  in 

o  o 

o  o 

0.05- 

0.1 

1 

in 

o  ^ 
o  o’ 

0.1-0.5 

0.5-5 

250 

0.3-0.4 

O  \D 

CN  ^ 

-ct 

TPG  3 

m 

50 

500 

20 

50 

20-10* 

0.05- 

0.1 

0.05- 

0.1 

IN 

1 

t-h  lO 

o  o 

o  o 

0.05- 

0.1 

0.05- 

0.1 

0. 1-0.5 

0.3-3 

250 

0.3-0.4 

O  \D 

CN  th 

1 

TPG  1 

1-H 

200 

500 

O 

rH 

50 

00 

o 

O 

(N 

0.05- 

0.1 

0.05- 

0.1 

(N 

ti  in 
o  p 
o'  o 

m 

0.05- 

0.1 

in 

d 

1 

T-H 

o’ 

t-h 

t-h 

o’ 

250 

0.3-0.4 

20 

16 

4.4 

TPV5 

in 

50 

300 

o 

o 

t-H 

O 

0.02- 

0.05 

0.02- 

0.05 

3-4 

1 

th  in 
p  p 

o  o 

1 

in 

o  in 

p  p 
c?  o 

0.05- 

0.1 

0.1-0.5 

0.5-5 

400 

0.8-1.0 

t-h 

t-h 

0.9 

TPV  3 

m 

o 

t-H 

300 

o 

^4 

o 

^>H 

o 

0.02- 

0.05 

0.02- 

0.05 

3-4 

1 

t-h  in 
p  p 
o’  o 

1 

in 

o  m 
p  p 

o’  o 

0.05- 

0.1 

0.1-0.5 

0.3-3 

o 

o 

P 

t-h 

1 

00 

d 

■ 

0.9 

TPB  5 

in 

3000 

500 

20 

30 

o 

o 

cs 

0.05- 

0.1 

1 

in 

O 

o  o 

0.07 

0.05- 

0.1 

0.005- 

0.05 

in 

p  T-H 

o  o’ 

0.1-0.5 

0.5-5 

200 

0.3-0.4 

22x22 

15 

22.5 

TPB  3 

CO 

40 

500 

o 

30 

o 

1 

o 

fS 

0.05- 

0.1 

0.05- 

0.1 

^H 

o 

0.05- 

0.01 

0.005- 

0.05 

m 

0.1-0.5 

0.3-3 

200 

0.3-0.4 

22x22 

15 

22.5 

DTP 

480/10 

o 

o 

o 

t“H 

50 

50 

m 

O 

fS 

1 

o 

<N 

0.01- 

0.02 

0.01- 

0.02 

cn 

1 

(N  m 
p  p 

o  o’ 

M 

t 

i-H 

o  »n 

p  p 

o’  o 

0.1-0.5 

o 

o 

CN 

rs 

1 

t-h 

18 

28 

34 

DTP 

480/5 

in 

300 

400 

30 

O 

O 

<N 

0.01- 

0.02 

0.01- 

0.02 

cn 

0.02- 

0.05 

0.01- 

0.05 

0.001- 

0.05 

0.1-0.5 

0.5-5 

250 

CN 

1 

t-h 

CO  CO 
rH  CN 

34 

DTP 

480/3 

CO 

500 

400 

20 

4.4 

O 

CS 

1 

o 

cs 

0.01- 

0.02 

0.01- 

0.02 

in 

CN  in 
p  p 

o  o 

1 

hh  m 

o  o 
o  o 

0.001- 

0.05 

0.1-0.5 

0.3-3 

400 

CN 

1 

t-h 

CO  CO 
t-h  (N 

34 

DTP 

480/1 

_ 

750 

500 

O 

y—4 

13.3 

o 

o 

cs 

0.01- 

0.02 

0.01- 

0.02 

in 

m 

0.01- 

0.05 

I 

t-h 

o  in 

p  p 

o  d 

0.1-0.5 

0.1-1 

009 

CN 

1 

t-h 

OO  oo 

T-H  CN 

34 

of  TE  converter 

Parameter 

1.  Rated  current,  mA 

2.  Resistance  of  heater, ohm 

3.  Resistance  of  the  TE 
converter,  ohm 

4.  Rated  thermo-emf,  mV 

5.  Sensitivity,  V/W 

6.  Frequency  range,  Hz 

7.  Instability  after  5  min 
operation,  % 

8.  Frequency  error,  % 

9.  Response  time,  s 

10.  Error  on  d.c.  direction 
change,  % 

11.  Non-root-mean-squa- 
reness  or  nonidentity,  % 

12.  Temperature  error, 

%/lOK 

13.  Instability  of  time 
constant,  % 

14.  Dynamic  range,  mA 

15.  Overload  capacity,  % 

16.  Capacitance  between 
input  and  output,  pF 

17.0verall  dimension  0,mm 

h,  mm 

18.  Mass,  g 
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where  6t  is  pulse  duration,  Tq  is  the  initial  contact 
temperature,  a  is  the  leg  coefficient  of  themio-e.m.f., 
p  is  the  leg  specific  resistance,  k  is  the  leg  specific  heat 
conductivity,  a  is  the  thermal  conduction,  /icu  the 
commutation  plate  thickness,  y  is  specific  contact 
resistance,  c5cu  is  the  commutation  plate  cube  thermal 
capacity,  c  is  the  commutation  plate  thermal  capacity  per 
a  unit  of  the  contact  area. 

Fig. 3.  Dynamics  of  the  contact  overheating  T  and  its 
components  during  a  pulse  of  current. 


If  the  registered  equipment  sensitivity  is  AV  tlien 
the  balance  current 


r  =  Y  + 


4  ■  p  •  Va  •  6/ 


is  registered  with  some  error  Aj  . 

The  contact  overheating  therewith  is 


_  AK  _  5i  ■  g  ■  Tq  ■  Ay  +  8i  ■  ■  f 


c(6i)  =  c5c„  ■  •  c5c„  ■  5/ , 

From  (*)  we  have  the  equation  for  Ay 
determination 


7  .  A  i  c(6i)  ■ 


D  =  1  4 


4AF-c(50  -yo 
a.^Tn  ■  8t 


Erroneous  result  of  the  contact  resistance 
measurement 


»  a  -Tq  4  ■  p  ■  fa  ■  5f 

where  y*  =  yo  +  Ay  corresponds  to  this  current 
determination  error. 

Thus,  the  absolute  measurement  error  Ay  is 


an  (l-D 


and  relative  error  is 


Jo  V  1  4  Z) 


(1) 

.\s  the  formula  (1)  shows  e  is  the  function  of 
three  variable  we  are  interested  in:  the  contact  resistance 
value  Y,  pulse  duration  5t  and  zero  error  measurement  of 
the  thcrmo-e.m.f  register  AV. 

Different  combinations  of  these  dependences  sets 
are  given  in  Fig.4-6  for  standard  set  of  parameters 

Kcu  =  3.9  W/(cm.K),  C5cu  =  3.393  J/(cm3.K), 
a  =  0.0002  V/K,  To  =  300  K,  p  =  0.001  Ohm  •  cm, 
a  =  0.005  cmVs 

It  is  evident  from  figures  that  the  measurement 
error  of  the  contact  resistance  in  the  range  of  10'^  -10"^ 
Ohm-cm^  can  be  reduced  to  several  percents  if  the 
registered  equipment  sensitivity  is  no  less  that  1  meV  in 
the  wide  current  pulse  duration  range  (10'®  -lO'^  s) 

Error  dependence  on  the  pulse  duration  has 
different  character  at  different  contact  resistance  and 
registered  equipment  sensitivity  values  but  such 
dependence  is  rather  weak.  This  can  be  used  for  optimal 
choice  of  a  pulse  duration  in  particular  conditions  of 
measurements. 

The  oDtained  results  testify  about  reality  of  precise 
measurement  of  metal  -  thermoelectric  material  contact 
resistance  of  10'^  -  10'^  Ohm-cm^  by  the  pulse  method 
under  proper  choice  of  tlie  registered  equipment. 


Fig.4.  Contact  reistance  e  error  measurement  depence  on  the 
contact  resistance  value  y  at  different  pulse  5t  duration  and 
registered  euipment  sensitivity  A  V. 
a)  bt=10-^  s,  b)  &=10-^s,  c)  by=lO-^  V,  d)  lsV=10-7  V; 
l:hV=  I(F^  V,  2:AV=  J  V,  3:  AV  =  10-^  V, 

4:  AV=  710-'^  V,  5:  AV=-3-10-<^  V,  6:  AV  =  la'^V, 

7;  At  =  510-'^  s,  8:  At  =  10-‘>  s,  9:  At  =  S-IO^  s, 

10:  At  =  10-^  s,  11:  At  =  S-IQ-^  s,  12:  At  =  IQ-^  s. 
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Fig.5.  Contact  reistance  e  error  measurement  depence  on  the 
pulse  St  duration  at  different  contact  resistance  value  y  and 
registered  euipment  sensitivity  AV. 

a)  AV=10'^  V,  b)  AF=/^^^  V,  c)y=10-^  Ohm  cm^, 
d)y=10-‘^  Ohm  cm^,  e)y=10-^  Ohm-cm^; 

1:  y=10'^  Ohm  cm^,  2:  y—5-10'^  Ohm-cm^, 

3:  y=l(3^  Ohm-cm^,  4:  y=10'^  Ohm  cm^ 

5:  y=5-10'^  Ohm  cm^,  6:  y=10-^  Ohm  cm^, 

7:  AK=  7(7-5  y,  8:  AV=  3-10-^  V,  9:  AV=  1(7^  V, 

10:  AV=  710-^  V,  11:  AK  =  J- 7(7-6  j2:  aF=  lO-'^V. 


10-6  10-5 

Y,  Ohm  cm^ 


Fig.  6.  Contact  reistance  s  error  measurement  depence  on  the 
registered  euipment  sensitivity  hV  at  different  pulse  5f 
duration  and  contact  resistance  value  y. 
a)  5t==10-^  s,  h)  5t=ia^  s,  c)  5t=m^  s, 

1:  y=10'^  Ohm  cm^,  2:  y-S-KF^  Ohm  cm^, 

3:  7=7(7^  Ohm  cm^,  4:  y=10'^  Ohm-cm^ 
5:y=5-10'^  Ohm  cm^,  6:  y=lO'^  Ohm  cm^, 

E,  % 
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THE  DEVICE  FOR  PRECISE  THERMOELECTRIC  MATERIAL  PARAMETERS 
MEASUREMENT  IN  THE  RANGE  OF  100-400  K 
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Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  Box  86,  Ukraine 


Introduction 

The  aspiration  to  develop  precise  methods  of  the 
thermoelectric  material  parameters  determination  is 
motivated  both  by  the  necessity  of  thermoelectric  material 
improvement  and  precise  and  effective  thermoelectric 
devices  (coolers,  current  sources,  devices  for  metrological 
purposes)  design  [Ij.  Thermoelectric  material  metrology 
runs  in  parallel  with  thermoelectric  material  science  and 
at  present  evolves  into  independent  approaches  of 
thermoelectricity  development. 

Absolute  measurement  method  in  stationary 
conditions  is  the  promising  method  for  precise 
thermoelectric  material  parameters  measurements.  The 
work  [2]  presents  a  measuring  cell  thermal  model  for  the 
absolute  method  of  TEM  parameters  and  the  eiTors 
analysis. 

Structure  of  the  measuring  device 

Block-diagram  of  the  measuring  device  is  shown  in 
fig.l.  Structurally  the  measuring  device  consists  of  a 
measuring  cell  with  installed  sample  to  be  measured,  a 
measuring  pillar  with  apparatus  and  a  vacuum  system. 


Fig.  1.  Block  diagram  of  measuring  device  for  TEM 
parameters  measurement 


Measuring  cell 


Diagram  of  the  measuring  cell  is  shown  in  fig. 2. 
Tlic  measuring  cell  is  a  cylinder  stiucture  consist  of  mass 
thermal  conductive  block  1  where  the  measured  sample  2 
is  placed,  and  shield  3.  Gradient  heater  4  being  in  thermal 
contact  with  the  sample  is  mounted  on  one  of  the  sample 
ends.  The  additional  heater  is  placed  on  the  shield.  The 
second  end  of  the  sample  has  icliable  thermal  contact 
with  the  block  mass.  Thermocouple  are  mounted  here  in 
the  block  to  measure  temperature  difference  on  the 
sample,  temperature  of  the  gradient  and  additional  heaters 
as  well  as  current  supplying  probes  for  the  sample 
electrical  conduction  measurement.  The  block  1  has  a 
working  furnace  5  producing  the  necessary  for 
measurements  temperature.  Copper  resistance 
thermometer  selves  as  temperature  detector  of  the 
working  furnace.  The  block  with  the  working  furnace  has 
outside  thin-walled  copper  housing  that  is  sold  to  the 
extended  part  of  the  block  that  ensures  tightness  of  the 
cell  working  volume. 

Fig.  2.  Diagram  of  a  measuring  cell  for  TEM  parameters 
measurement 

Gradient  Additional 

heater  heater 


General-purpose  vacuum  post  VUP-SM  is  used  as 
the  vacuum  system.  Equipment  part  of  the  measuring 
device  is  arranged  on  the  independent  measuring  pillar 
(Fig.l).  Tlte  mam  element  of  the  measuring  device  is  the 
system  of  the  cell  volume  working  temperature  control 
and  additional  compensated  heater  that  is  reali7ed  by 
personal  computer  IBM  PC/AT.  Tire  necessary 
temperature  and  its  maitenance  precision  are  set  via  the 
computer  terminal  and  the  whole  process  of  the  system 
output  to  the  stationary  condition  at  the  real  time  is 
displayed  on  the  monitor  screen.  Maintenance  precision 
of  the  working  temperature  is  no  worse  than  0.05  °C  at 
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each  temperature  point.  As  analogue-digital  converter  of 
thermocouple  measuring  circuits  were  used  standard 
digital  devices  of  SH  300  type.  The  basic  measuring  data 
(thermocouple  and  detector  indications)  are  recorded  by 
V2-38  nanovoltmeter.  Switching  unit  switches 
measurement  modes. 

Low  temperetures  are  achieved  by  the  cell 
emmeision  into  condensed  nitrogen. 

The  measuring  cell  is  calibrated  in  the  temperature 
range  of  100-400  K. 

The  obtained  data  are  processed  on  the  computer. 
The  absolute  values  of  the  coefficient  of  performance, 
electrical  conductance,  thermal  conductance  and 
thermoefficiency  are  determined  in  the  process.  Output 
data  are  printed  as  tables  of  thermoelectric  parameters 
local  values  and  temperature  dependence  graphs  in  the 
indicated  temperature  range. 

The  investigations  of  the  measuring  device  show 
that  measurement  errors  are  0.3-1%  for  coefficient  of 
performance  and  electrical  conductance,  and  up  to 
2-2.5%  for  thermal  conductance. 
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INFORMATION  SYSTEM  FOR  THERMOELECTRIC  MATERIAL  PARAMETERS  EXACT 

DETERMINATION 
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Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 


The  present  paper  studies  the  question  of  the  information 
system  development  based  on  the  modern  methods  of 
gathering,  processing  and  transmission  of  measuring 
information  that  permits  to  determine  thermoelectric  material 
parameters  in  a  wide  temperature  range  of  -100  °  C  to 
+  100  °  C  with  high  precision  and  low  cost. 


Introduction 


Fig.  /.  Measurement  sheme. 


In  thermoelectric  products  development  the  basic 
thermoelectric  material  parameters  determination  in  a 
wide  temperature  range  is  of  paramount  importance. 
Construction  of  multi-stage  thermoelectric  cooling 
modules,  thermoelectric  generators  and  the  like,  requires 
sufficiently  exact  knowledge  of  such  parameters 

At  present  the  use  on  information  technologies  in 
thermoelectric  production  became  a  norm.  One  of  such 
use  of  modem  computer  technology  is  construction  of 
flexible  measuring  information  system  that  permits  to 
determine  the  basic  parameters  if  thermoelectric  materials 
with  sufficient  exactness. 

The  present  paper  is  dedicated  to  such  measuring 
information  system  construction. 

Methods  of  thermoelectric  material  parameters 
determination  and  the  calculation  of  measurement  errors. 

In  the  measuring  system  coefficient  of  thermo- 
e.m.f.  (  a  )  and  thermal  conduction  (  k  )  and  coefficient 
of  electrical  conduction  (  a  )  are  meastii  ed  by  the 
methods  described  in  details  in  [1,2]. 

Diagram  of  such  parameter  measuiements  is  given 
in  fig.l.  Temperature  difference  AT  measured  by  the 
differential  thermocouple  3  along  a  specimen  of  regular 
geometric  shape  (  a  cylindrical  bar,  for  example)  is 
maintained  by  the  heater  2.  With  the  help  of  current 
source  4  and  a  switcher  5  the  electric  current  1’  is  passed 
through  the  specimen  in  two  directions.  The  potenfial 
difference  U  is  measured  by  voltmeter  7  on  the  measuring 
probe  6  and  a  thermocouple.  The  specimen  and  the  heater 
2  are  placed  into  a  measuring  cell  8  on  the  side  walls  of 
which  eight  three-stage  thermoelectric  coolers  are  located 
symmetrically  as  to  central  section  and  which  set  the  cell's 
temperature  measured  by  a  resistance  platinum 
thermometer  10.  The  cell  with  coolers  are  placed  in 
vacuum.  The  heater  2,  current  source  4,  voltmeter  7,  and 
coolers  9  operating  conditions  are  set  by  a  computer. 
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The  calculation  forritula  for  the  coefficient  of 
thermo-e.m.f  is 


AT 


(1) 


The  calculation  formula  for  the  coefficient  of 
electrical  conductivity  is 


/'■/ 

US 


(2) 


The  calculation  formula  for  the  coefficient  of 
thermal  conductivity  is 
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K 


I 


at  s’ 


(3) 


where  R  is  the  heater  2  resistance,  I  is  current  across  the 
heater  2,  1,  S  are  the  specimen  length  and  cross-section, 
respectively,  ^  p,  is  sum  of  thermal  power  losses. 


To  calculate  the  instrumental  errors  it  was  assumed 
that  the  instrumental  error  of  each  direct  measurements  is 
described  by  a  standard  law.  The  error  of  an  indirect 
measurement  is  calculated  based  on  the  law  of  special 
errors  storage.  Then  the  relative  instrumental  error  in  a 
measurement  is  equal  to  1.1%,  a  is  0.8%,  k  is  2.1%  with 
confident  probability  0.98. 

Description  of  the  measuring  system  block-diagram 

The  block-diagram  of  the  information  measuring 
system  may  be  arbitrary  divided  into  two  large  parts, 
instrumental  and  program. 

Instrumental  part  of  the  measuring  system  includes 
the  next  components:  l)measuring  cell  itself,  2)  D.C 
precision  amplifier  block  on  which  inputs  signals  from 
differential  thermocouples,  resistance  thermometers  are 
delivered,  3)  multiplexer-commutator,  4)  digital  voltmeters 
supplied  with  interface  in  standard  IEEE-488,  5)  personal 
computer  of  IBM  PC  type  that  is  the  controller  in  the 
system,  6)  current  sources  controlled  by  digital  code  for 
operation  conditions  specification  of  three-stage 
thermoelectric  cooling  modules,  7)  a  vacuum  unit.  8)  a 
compression  refrigerator. 

Fig.2  gives  the  diagram  of  three-stage 
thermoelectric  modules  arrangement  relative  to  the  sample 
studied  and  the  arrangement  of  these  modules  relative  to 
external  heat  sink. 


Fig.2.  The  diagram  of  thermoelectric  modules  arrangement 
relative  to  the  studied  sample  and  external  heat  .sink. 

1  -  the  external  heat  sink,  2  -  the  chamber  with  studied 
sample,  3  -  three-stage  thermoelectric  cooling  modules. 


The  program  part  of  the  measuring  system  performs 
the  next  functions: 


1)  it  is  the  controller  in  information  gathering 
system  from  the  measuring  equipment; 

2)  it  generates  signals  for  the  control  by  current 
sources  feeding  thermoelectric  modules; 

3)  it  commutates  signals  from  the  differential 
thermocouples,  resistance  thermometers  and  the  likr , 

4)  it  performs  the  thermoregulator  algorithm  by 
proportion-integral  law  in  three  canal  regime; 

5)  it  sets  temperature  points  and  measures  a,  a,  k; 

6)  it  permits  an  operator  to  intervene  both  as  to  the 
process  of  a  temperature  point  setting  and  directly  to 
measurements; 

7)  it  controls  a,  o,  k  functions  on  temperature  at 
the  computer  monitor  display; 

8)  it  prints  results  and  so  on. 

Description  of  the  measuring  unit  operation  algorithm 

Programly  and  instrumentally  the  measuring  unit  is 
made  in  such  way  that  each  of  blocks  generates  the 
information  that  is  the  ''event".  In  this  connection  the 
algorithm  of  the  measuring  unit  operation  is  based  on  the 
information/event  mechanism  transmitted  to  the  basic 
module  of  the  program  called  the  information/event 
supervisor.  All  information/events  result  in  one  or  other 
relations  of  the  main  program  that  passes  the  control  to 
the  corresponding  procedures. 

At  the  beginning  of  the  whole  program  operation 
the  testing  and  equipment  serviceability  control  takes 
place,  to  do  this  there  are  built-in  corresponding  functions 
into  the  apparatus  part.  After  this  the  program  learn  the 
value  of  the  first  temperature  point  from  an  operator  and 
initializes  the  mechanism  of  information. 

Exit  to  the  given  temperature  point  is  ensured  by 
the  three-canal  program  thermoregulator.  Two  canals  of 
the  thermoregulator  output  the  sample  itself  at  the  given 
temperature  regime.  The  third  canal  of  the 
thermoregulator  acts  as  a  gradient  heater,  for  a,  k 
measurements.  As  the  thermoregulator  system  sets  the 
required  temperature  with  required  precision  it  informs  the 
"event  supeivisor"  about  it.  The  measurement  command  is 
formed  after  that  the  system  passes  to  the  next 
temperature  point.  The  use  of  parallel  and  independent 
operation  of  three  thermoregulators  enables  sufficiently  to 
reduce  time  of  output  at  the  required  temperature. 

At  the  intervals  between  measurements  the  operator 
can  actively  control  the  process  of  output  at  the  regimes, 
for  that  the  monitor  display  can  give  the  output  curves  at 
these  regimes. 

Besides  the  main  tasks  the  program  do 
measurement  statistics  and  calibrated  "zeroes"  of 
equipment  and  so  on. 

Conclusion 

Use  of  the  above  described  system  permits  to 
determine  a  with  an  accuracy  no  worth  that  1.3%,  a  -  1%. 
K  -  2.5%. 
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The  information  system  of  main  theimoelectric 
material  parameters  measurement  is  a  good  equipment  for 
precise  and  quick  investigations  conduction.  Use  of  such 
systems  enable  to  increase  the  capacity  of  highly  precise 
measurements  in  a  wide  temperature  range. 
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A  measurement  system  was  built  up  for  thermopower  measurements  of  small  metallic  samples  in  the  low  temperature  range  of 
3K  up  to  320K  and  at  magnetic  fields  up  to  15  Tesla.  Two  gradient  heaters  on  either  end  of  the  sample  are  used  for  generating 
temperature  gradients  along  the  sample;  during  the  measurement’ always  one  of  both  heater  is  on.  We  obtain  by  a  special  heating 
method  the  substraction  of  the  spurious  voltages,  excellent  thermal  stability  of  the  sample  and  good  measurement  accuracy,  We 
adapted  the  system  with  the  calibration  of  the  Chromel  -  Constantan  thermocouples  for  thermopower  measurements  at  high 
magnetic  fields.  The  cryogenic  design  of  the  sample  holder  allows  small  temperature  gradients  (AT  R50.2K)  by  a  small  heating 
power.  Experimental  results  on  pure  In  at  zero  field  and  at  4.8T  are  presented  and  compared  with  literature  data. 


Introduction 

The  thermopower  of  small  metallic  samples  at  low  tempera¬ 
tures  are  measured  with  the  differential  method.  A  small  tem¬ 
perature  difference  AT  (<  IK)  is  applied  along  the  sample  by 
a  gradient  heater.  A  small  thermal  voltage  is  generated  and 
spurious  voltages  are  source  of  error.  Special  techniques  are 
required  for  the  substraction  of  the  spurious  voltages,  they 
are  connected  mostly  by  changing  the  state  of  the  gradient 
heater.  However,  at  low  temperatures  a  change  (i.e.  switch 
off)  of  the  gradient  heating  power  is  connected  with  destabi¬ 
lizing  of  the  middle  sample  temperature  and  additional  errors 
arises.  Our  method  of  gradient  heating,  we  call  it  “Seesaw 
Heating” ,  overcomes  these  problems. 

With  the  use  of  Chromel  -  Constantan  thermocouples  which 
show  small  magnetic  field  dependence  [1,2]  and  due  to  two 
seperate  calibration  procedures,  one  for  the  relative  ther- 
rnopower  of  the  Chromel  -  Constantan  thermocouple  SchCo 
and  the  other  for  the  absolute  thermopower  of  our  reference 
material  Chromel  Sch,  we  adapted  the  system  for  measure¬ 
ments  at  high  magnetic  fields.  However,  the  use  of  Chromel  - 
Constantan  thermocouples  makes  the  application  only  above 
3K  possible.  With  this  system  we  can  perform  measurements 
in  the  temperature  range  3  ...  320K  and  in  magnetic  fields  up 
to  15  Tesla. 

The  Experimental  Setup 

Seesaw  Heating  is  alternating  heating  on  either  end  of  the 
sample  as  suggested  in  the  upper  part  of  fig.l;  the  two  heaters 
are  indicated  besides  the  sample  X.  The  state  healer  1  on  and 
heater  S  off  heats  the  left  side  of  the  sample  and  a  tempera¬ 
ture  difference  ATi  is  set  up.  After  the  accommodation  time 
the  state  of  the  heater  system  is  changed  to  healer  1  off  and 
heater  2  on  and  a  temperature  difference  AT2  on  the  other 
side  of  the  sample  is  generated.  During  the  measurement  the 
heater  system  is  always  switched  between  these  two  states. 
The  sample  is  provided  at  all  the  time  by  the  same  amount  of 
heat,  therefore,  we  get  good  thermal  stability. 

The  thermal  voltages  are  taken  by  thermocouples  as  depiced 
in  fig.  1.  The  Chromel  -  Constantan  wires  are  spot  welded 
to  each  other,  the  junctions  are  touching  the  surface  of  the 
sample.  The  other  end  of  the  thermocouple  legs  are  connected 


with  Cu,  this  junction  is  immersed  in  an  ice  bath.  The  Cu 
wires  are  lead  to  the  voltage  measurement  equipments.  The 
voltages  Vck  and  are  generated  in  the  Chromel  circuit 
(Cu  -  Chromel  1  -  Sample  X  -  Chromel  2  -  Cu),  and 
are  the  voltages  in  the  Constantan  circuit  (Cu  -  Constantan  1 
-  Sample  X  -  Constantan  2  -  Cu),  the  extensions  denote  the 
temperature  difference  ATi  or  AT2,  respectively. 

These  four  voltages  are  used  for  the  thermopower  measure¬ 
ment  of  the  sample.  The  thermal  voltage  VchCol  arises  from 
a  conventional  thermocouple  circuit  (Cu  -  Chromel  1  -  Con¬ 
stantan  1  -  Cu),  VchCo2  is  the  thermal  voltage  in  the  second 
thermocouple  circuit  (Cu  -  Chromel  2  -  Constantan  2  -Cu); 
these  two  voltages  are  used  for  calibration.  The  voltage  of  the 
Chromel  circuit  is  measured  by  a  Keithley  2001  Multimeter 
with  a  Keithley  1801  Preamplifier;  the  voltages  of  the  Con¬ 
stantan  circuit,  VchCoi  and  VchCo2  are  measured  via  a  Keith¬ 
ley  7001  Switch  System,  7168  Nanovolt  Card  with  a  Keithley 
182  Nanovoltmeter. 

With  the  assumption  that  the  spurious  voltage  Vchw  in  the 
Chromel  circuit  does  not  change  during  the  accommodation 
time  we  obtain 

ycL  =  Schr^T.A-Vchu,  =  -Schrl^T2  +  Vchw  (1) 

Schx  designate  the  relative  thermopower  between  Chromel 
and  the  sample  X:  Schx  =  Sch-Sx,  Sch  and  Sx  denotes  the 
absolute  thermopower  of  Chromel  and  of  the  sample  X,  re¬ 
spectively.  A  substraction  of  these  two  voltages  eliminates 
the  wrong  voltage  of  the  Chromel  circuit: 

Ech  =  eAI  -  eAI  =  5c.RAr,  -h  AT2).  (2) 

Similar  equations  are  valid  for  the  Constantan  circuit  and  we 
obtain  the  measurement  formula  [3]: 

Vrh 

SRT,  B)  =  SchiT,  B)  -  Schcc  (3) 

Vch  yCo 

SchCo  as  well  as  Sen  are  temperature  and  field  dependent 
quantities,  they  are  determined  by  calibration  while  V^x. 
Eoix’  Eqox  Eqo,,  are  obtained  by  voltage  measurements. 

An  integral  method  is  used  to  get  SchCo(T,B).  Within  our 
experimental  setup  (fig.l)  we  measure  VchCoi  and  VchCo2, 
the  thermal  derivation  of  these  voltages  represent  SchCoi  and 


T  HEATER  2  OFF 
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Figure  1:  Setup  for  voltage  measurement  using  a  scanner  and 
two  voltmeters.  The  used  circuits  along  the  Cu  wires  and 
thermocouple  legs  are  described  in  the  text.  The  function  of 
Seesaw  Heating  is  suggested  above,  both  heaters  are  drawn 
besides  the  sample. 

SchCo2,  respectively.  This  calibration  was  performed  at  zero 
field  and  at  15  Tesla.  No  significant  difference  could  be  de¬ 
tected  between  SchCoi  and  SchCoZ,  small  field  dependence 
could  be  detected  only  at  very  low  temperatures  (T<6K). 
However,  the  small  values  of  SchCo  makes  a  calibration  be¬ 
low  3K  impossible.  From  the  second  calibration  procedure  we 
got  the  temperature  and  field  dependence  of  Sch-  Pure  Pb 
was  used  as  sample  to  obtain  the  temperature  and  field  de¬ 
pendence  at  high  temperatures  (T>80K);  a  strong  influence  of 
a  magnetic  field  was  detected  for  Pb  at  low  temperatures  [4]. 
A  piece  of  YBa2Cu307  was  used  as  sample  to  get  Sch(T,B) 
at  low  temperatures  (T<80K)  and  high  magnetic  fields.  This 
calibration  measurements  was  performed  at  zero  field  and  at 
3,  6,  9,  12  and  15  Tesla.  A  magnetic  field  change  Sch  slightly; 
the  biggest  change  is  0.8/rV/K,  it  was  observed  in  a  magnetic 
field  of  15T  at  the  temperaure  of  60K.  The  results  agree  well 
with  literature  data  [5,6]. 

The  construction  of  the  inner  part  of  the  sample  holder  is 
depicted  in  fig. 2.  The  thermocouples  are  enclosed  to  cylindri¬ 
cal  AI2O3  ceramics  (denoted  as  8),  their  junctions  are  pressed 
with  springs  (9)  to  the  surface  of  the  sample.  Of  course,  the 
thermocouples  are  thermally  anchored  to  the  heat  sink  (6). 
The  temperature  of  the  heat  sink  is  measured  with  a  RUO2 
based  thick  film  resistor  (7)  which  obeys  nearly  no  influence  of 
a  magnetic  field  and  has  a  good  reproducibility.  The  sample 
(crosshatched)  is  fixed  between  t'.vo  electrical  isolating  materi¬ 
als,  on  one  side  glass  epoxyd  material  ( 1 )  and  on  the  other  side 


two  AIN  plates  (2).  The  sample  can  be  replaced  by  removing 
(')■ 

Two  strain  gaugf-s  are  used  as  heater  (4).  They  are  glued  to 
a  thin  layer  of  Cu  (3)  obtained  from  an  electrical  |)rint  plate 
(5-f3).  The  thermal  contact  between  sample  and  heater  is 
good,  because  Cu  as  well  as  AIN  provides  good  thermal  con¬ 
ductivity  even  at  low  temperatures  [7].  The  part  of  the  sam¬ 
ple  holder  which  obeys  good  thermal  conductivity  (2-|-3-f4)  is 
separated  from  the  heat  sink  by  glass  epoxyd  material  (5)  of 
low  thermal  conductivity  which  makes  an  upset  of  a  tempera¬ 
ture  difference  along  the  sample  possible.  The  cryogenic  char¬ 
acteristic  of  the  sample  holder  is  strongly  dependent  on  the 
thickness  of  (5)  and  also  on  the  thermal  conductivity  along 
the  sample.  Thin  metallic  samples  of  a  minimum  length  of 
9mm  are  necessary. 

The  inner  part  of  the  saple  holder  is  constructed  symetri- 
cally,  to  obtain  ATi  »  AT2.  A  temperature  difference  of 
approximately  0.2K  is  generated  with  the  heating  power  of 
ImW  at  3K  and  of  20mW  at  300K,  An  accommodation  time 
of  20s  is  used  at  low  temperatures,  at  room  temperatures  40s 
is  required. 

Results 

We  chose  pure  In  as  test  material  for  our  measurement  .syst;  in. 
The  temperature  dependent  behaviour  of  the  thermopower 
S(T)  shows  a  peak  at  about  20K,  however  different' absolute 
values  are  reported  [8,9]. 

The  measurement  of  In  at  zero  field  and  at  4.8T  in  the  tem¬ 
perature  range  up  to  TOOK  is  given  in  fig. 3.  The  positive  peak 
as  well  as  the  value  of  the  absolute  thermopower  of  In  could 
be  confirmed.  A  supression  of  the  peak  by  a  magnetic  field 
is  detected  similar  to  literature  data  [9].  So  we  can  give  the 
absolute  accuracy  of  our  system  within  1/iV/K  at  all  temper¬ 
atures.  the  relative  accuracy  is  within  O.l^V/K. 
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Figure  2:  Cryogenic  design  of  the  sample  holder:  (1)  glass  epoxyd  material,  (2)  AIN  plates;  (3)  Cu  layers,  (4)  heaters,  (5)  gla 
epoxyd  material,  (6)  heat  sink,  (7)  temperature  sensor,  (8)  AI2O3  ceramics,  (9)  spring 
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Evaluation  of  commercially  available  Peltier  modules  for  use  in  hot- 
water  driven  thermoelectric  generator 
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A  method  is  described  for  accurately  measuring  the  maximum 
electrical  power  output  of  low  resistance  thermoelectric  modules 
(«1Q).  The  method  eliminates  problems  associated  with  the 
temperature  dependence  of  the  module  resistance.  The 
normalised  power  outputs  of  commercially  available  Peltier 
modules  when  operated  in  the  generating  mode  are  obtained  over 
the  temperature  range  20-90  deg  C.  The  results  indicate  that  the 
normalised  power  outputs  serve  as  a  “quality  indicator”  of  the 
technology  employed  in  the  module  manufacture. 


Introduction  manufacturer 

names  and  device  numbers  have  been  ommitted 
and  are  referred  to  by  letters  (A,  B,  C  etc.)  ^nd 
Commercially  available  Peltier  modules  employ  respective  modules  identified  by  roman 

Bismuth  Telluride  materials,  usually  optimised  numerals 
below  room  temperature  for  thermoelectric 
cooling  applications.  Furthermore  the  geometiy 
of  these  devices,  including  thermoelement  Method 
dimensions,  are  designed  for  best  performance 

in  thermoelectric  cooling  [1].  A  temperature  gradient  was  established  across 

Supported  by  the  New  Energy  and  Industrial  each  module  and  the  open  circuit  voltage,  Voc 
Technology  Development  Organisation  and  short  circuit  current,  fc  measured,  The 
(NEDO),  Japan,  the  thermoelectric  group  at  maximum  electrical  output  power  of  the  module 
Cardiff  has  embarked  upon  a  programme  of  is  given  by  [2]  (see  figure  1): 
research  into  the  large  scale  thermoelectric 

production  of  electricity  from  waste  hot-water.  J/  / 

Conventional  Peltier  cooler  modules  are  used  in  P  — 

,  ■  .  .  .  .  niax  A  tit 

the  generating  mode  at  an  average  hot-side  ^ 

temperature  of  around  95  deg  C,  with  a 

temperature  difference  of  upto  80  deg  C,  Of  Voc,  can  be  measured  accurately  and  without 

considerable  relevance  to  the  project  is  the  difficulties  using  a  high  impedance  voltmeter, 

generating  performance  of  currently  available  However  to  obtain  fc  accurately  is  very  difficult, 

modules  when  operated  over  this  temperature  especially  for  very  low  resistance  modules, 

range.  When  current  measurements  are  made  using  an 

In  this  paper  sixteen  different  thermoelectric  ammeter,  with  the  internal  resistance  of  the 

modules,  from  eight  manufacturers,  have  been  ammeter  comparable  to  the  module,  a 

compared  for  the  electrical  power  output  when  relationship  between  measured  current,  I™  and 

operated  with  a  temperature  difference  between  true  short  circuit,  fc  can  be  derived  as  follows. 

10-80K.  A  description  of  the  method  used  to 
obtain  a  reasonably  accurate  estimation  of  the 

maximum  power  output  from  low  resistance  Vab=Im  Rm  =  E-I„  r  --=Voc  -  Imf  (2) 
thermoelectric  modules  is  given.  A  comparison 
is  drawn  of  the  power  output,  power  output  per 
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The  accuracy  of  this  technique  relies  on  the 
measurement  of  Rm.  the  internal  resistance  of 
the  ammeter.  A  very  low  value  of  R^,  is  required 
for  a  high  current  flow,  however  this  increases 
the  error  in  the  measurement  of  the  resistance. 
In  practice  this  method  is  suitable  for  higher 
resistance  modules,  although  it  gives  large 
uncertainties  (>  20%)  for  modules  with 
resistance  <0.5  Q. 

Another  approach  is  to  use  a  high  impedance 
\  oltmeter  to  measure  the  voltage  drop  across  an 
accurately  known  resistance.  The  resistance 
value  should  be  low  enough  to  achieve  a  large 
voltage  drop,  thus  reducing  errors  in  its 
measurement.  However,  very  small  resistance 
values  become  increasingly  difficult  to  measure 
accurately,  and  it  is  important  to  take  into 
account  the  resistance  of  the  wiring  and 
connections. 

A  high  quality  digital  ohmmeter  or  bridge  can 
be  used  to  make  resistance  measurements  to  a 
resolution  of  greater  than  1  pD, 
Experimentally,  problems  with  reproducibility 
of  connections  to  a  circuit  and  effects  of 
temperature  change  mean  that  a  resolution  of  1 
mH  is  a  realistic  practical  limit.  Therefore  the 
total  load  resistance  including  wiring  should 
not  be  smaller  than  0.1  fi,  to  achieve  a 
measurement  accuracy  of  around  1%. 

The  temperature  stability  of  this  resistance  is 
also  important  and  high  wattage  wirewound 
resistors  are  used  to  reduce  the  effects  of  Joule 
heating. 

In  figure  2  is  shown  the  arrangement  used  to 
determine  the  maximum  electrical  power  output 
of  Peltier  modules  when  used  in  the  generating 
mode.  The  circuit  comprises  a  0.  IQ  lOOW 
wirewound  resistor  (5%  tolerance,  temperature 


coefficient  lOOppm)  and  heavy  duty 
microswitch.  All  interconnections  are  clamped 
tightly  and  made  using  high  qualit>'  oxygen-free 
copper  (OFC)  cable.  Prior  to  each  measurement, 
the  total  resistance  of  the  circuit  is  measured 
using  a  Kcithley  197  digital  meter,  and  is 
0.115+0.001  Q  at  20  deg  C,  The  module  is 
connected  to  the  circuit  using  13A  screw- 
connectors,  Open  circuit  voltage  across  the 
module  is  measured  using  a  Kcithley  197 
digital  microvoltmetcr.  this  reads  the  voltage 
drop  across  the  total  load  resistance  when  the 
switch  is  closed. 

A  single-module  thermoelectric  generator, 
designated  WATT-1  (Waste-heat  Alternative 
Thermoelectric  Technology)  was  used  for  the 
module  evaluation,  shown  schematically  in 
figure  3.  The  generator  block  is  comprised  of 
two  identical  water  channels  fitted  with  flat 
copper  heat-exchanger  plates  as  a  lid  to  each 
channel  The  thermoelectric  module  tested  is 
sandwiched  between  the  two  heat-exchanger 
plates,  thermal  contact  between  the  module  and 
plates  was  improved  using  a  high  thermal 
conductivity  paste. 

A  Haake  B3  circulator  with  2kW  heater  (DCl- 
B3)  provided  a  variable/constant  temperature 
hot  water  source  to  one  of  the  channels.  The 
circulator  was  modified  so  that  its  temperature 
control  sensor  could  be  fitted  near  the  inlet  to 
the  water  channel,  thus  providing  a  stable  input 
temperature  independent  of  water  flow.  The 
second  channel  was  supplied  with 
variable/constant  temperature  cold  water  using 
a  NESLAB  GP200DP  circulator  and  immersion 
cooler  (NESLAB  CC6511FV).  The  flow  rates 
of  the  hot  and  cold  supplies  were  variable  and 
measured  using  electronic  rotary  flow  sensors. 
Water  and  copper  plate  temperatures  for  both 
hot  and  cold  water  channels  were  measured 
using  calibrated  K-type  thermocouples. 
Thermocouple  outputs  were  connected  to  a 
scanner/microvoltmeter  system  (Keithley  199) 
using  a  reference  junction  oil-bath. 


Figure  1.  Relationship  between  measured 
current  and  short  circuit  current  for  low 
resistance  thermoelectric  modules. 
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Figure  2.  Measurement  of  maximum  power 
output  of  a  module  operating  in  the  generating 
mode. 


THERMOCOUPLES 


Figure  3.  Schematic  diagram  of  single  module 
thermoelectric  generator 


Results 

In  figures  4  and  5  are  shown  the  maximum 
power  output  of  each  module  plotted  against 
temperature  difference  across  the  device,  for 
127-element  and  31/50  element  modules 
respectively.  In  figure  6-8  are  shown  a 
comparison  of  the  maximum  output  power 
values  for  different  manufacturers  and  devices, 
for  a  temperature  difference  of  40K,  60K  and 
80K  respectively.  Figure  9-11  shows  how  the 
output  power  per  unit  area  (  per  lOOOmm''  or 
approximately  3cm  x  3cm)  compares  between 


devices  and  manufacturers  for  temperature 
differences  of  40K,  60K  and  80K  respectively. 
This  normalisation  does  not  take  into  account 
the  total  element  area  of  the  device,  since  there 
are  usually  spaces  between  the  thermoelements. 
In  figure  12-14  the  average  cost  per  Watt  for 
each  device  operating  at  temperature  differences 
of  40K,  60K  and  80K  respectively  are 
compared.  These  values  are  based  on  current 
prices  (1994-95)  and  do  not  reflect  any  discount 
possibly  available  on  larger  quantity  purchases. 


Discussion  and  Conclusions 

As  can  be  seen  from  figure  4  and  5,  there  is  a 
significant  variation  in  the  output  powers  of 
127-element  modules,  compared  to  the  higher 
current  devices  comprising  31  or  50 
thermoelements.  There  is  a  general  trend  in 
variation  of  maximum  power  output  with 
thermoelement  length,  with  the  shorter 
thermoelements  producing  higher  output.  Only 
2  of  the  devices  show  significantly  higher 
output  powers  of  around  1.5W,  an  indication  of 
possibly  higher  device  quality,  with  most 
devices  having  similar  outputs  of  around  IW 
for  a  temperature  difference  of  75K.  One  of  the 
devices,  F(ii),  has  a  very  low  output  of  only 
0.7W  at  a  temperature  difference  of  75K.  Thus 
an  almost  doubling  of  output  power  (AT=75K) 
can  be  expected  by  changing  from  between 
small  devices  F(ii)  to  E(iii).  Device  D(i)  is  also 
comparable  with  E(iii),  and  has  a  slightly 
longer  thermoelement  length  of  23%.  A  shorter 
element  device  from  this  manufacturer  would  be 
worth  studying. 

There  is  less  variation  in  output  power  levels  for 
the  31/50  thermoelement  devices  studied,  see 
figure  5.  This  can .  be  explained  by  the 
similarities  in  thermoelement  length.  Output 
powers  range  from  1.45W  to  around  2W  for  a 
temperature  difference  of  75K. 

A  maximum  output  power  of  over  0.5W  can  be 
achieved  for  an  operating  temperature 
difference  of  40K,  as  shown  in  figure  6. 
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Temp,  difference  (K) 


Figure  4.  Maximum  power  output  as  a  function 
of  temperature  difference  for  Peltier  modules 
comprising  127  thermoelements. 


Figure  5.  Maximum  power  output  as  a  function 
of  temperature  difference  for  Peltier  modules 
comprising  31  or  50  thermoelements. 

using  four  of  the  modules  investigated.  Average 
output  power  is  0.4 IW  for  the  sixteen  devices 
studied,  with  a  low  of  0.21W  produced  by 
device  F(ii).  For  higher  temperature  differences 
of  60K  and  80K  (as  shown  in  figures  7  and  8) 
the  average  power  output  increases  to  0.90W 
and  1.56W  respectively.  At  AT=80K,  a 
maximum  output  power  of  2. 18W  is  achievable 
using  devices  C(ii)  or  G(i). 


In  figures  9-11  are  shown  output  power 
normalised  to  a  device  surface  area  of 
lOOOmm^,  about  3cm  by  3cm.  It  should  be 
noted  that  the  variation  in  power  output  values 
is  smaller  than  shown  in  figures  6-8.  For  a 
temperature  difference  of  40K  there  is  a 
difference  of  0.1 7W  when  normalised, 
compared  to  0.38W  in  figure  6.  The  data  shown 
in  figures  9-11  provides  a  “quality  indicator” 
for  the  technology  employed  in  the  modules, 
that  is  thermoelement  geometry,  semiconductor 
materials,  contacts  and  packaging.  Thus  for  a 
temperature  difference  of  80K,  three  of  the 
sixteen  modules  investigated  can  offer  power 
outputs  of  greater  than  1  Watt  per  lOOOmm^. 


Figure  6~8.  Comparison  of  maximum  power 
outputs  of  Peltier  modules  when  operated  in  the 
generation  mode  ,  for  temperature  differences 
of 40,  60  and  80K  respectively. 

In  considering  the  choice  of  device,  cost  is  of 
importance.  Figures  12-14  provide  an 
indication  of  the  raise  in  cost  per  Watt,  of  the 
devices  studied  for  different  temperature 
differences.  Clearly  the  cost  per  Watt  is  reduced 
dramatically  when  employing  higher 
temperature  differences,  typically  by  four  limes 
when  AT  is  increased  from  40  to  80K.  At 
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AT=40K,  costs  vary  from  as  little  as  £12.62  per 
Watt  to  £246  per  Watt.  At  AT=80K,  the 
minimum  cost  per  Watt  is  £3.12  for 
manufacturer  E,  with  the  average  cost  per  Watt 
being  £18, 

Finally  in  figure  15  is  shown  how  the  cost  per 
Watt  varies  with  temperature  difference  of 
operation  and  type  of  device.  The  reduction  in 
cost  for  an  increase  in  operating  temperature 
difference  is  consistent  for  all  devices  studied, 
the  most  significant  reduction  in  cost  can  be 
achieved  between  selecting  suitable  devices. 
From  this  graph  it  is  possible  to  estimate  the 
cost  per  Watt  for  a  specific  temperature 
difference  and  device. 


Figure  9-11.  Comparison  of  maximum  power 
output  per  unit  area  (lOOOmm^  «  3x3  cm)  of 
Peltier  modules  when  operated  in  the 
generation  mode  ,  for  temperature  differences 
of 40,  60  and  80K  respectively. 


Figure  12-14.  Comparison  of  cost  per  Watt  of 
Peltier  modules  when  operated  in  the 
generation  mode  ,  for  temperature  differences 
of 40,  60  and  80K  respectively. 

A  comparison  with  figures  9-11  show  that  the 
cheapest  device  also  produces  one  of  the  highest 
output  powers  per  unit  area,  though  not  the 
highest  output  of  devices  studied.  The  most 
expensive  module  produces  around  two-thirds 
of  the  power  per  unit  area  of  the  highest  output 
devices  (AT=80K). 


Cost  per  Watt 
(£/W) 


Temperature  difference  (K) 


Figure  15.  Variation  of  cost  per  Watt  for 
different  manufacturers  and  modules  with 
temperature  difference  across  device. 
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Another  important  factor  in  the  choice  of 
devices  for  generating  applications  is  reliability. 
Reliability  studies  are  presently  being 
undertaken,  the  results  will  published  in  a 
future  paper.  However  preliminary  studies 
indicate  that  although  the  cheapest  modules 
investigated  produce  a  high  output  power,  they 
are  not  necessarily  the  most  reliable  of  devices 
when  operated  above  the  temperatures  intended 
for  cooling. 
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Laser  method  of  distant  measurements  of  ultra  low  velocities  and 
displacements  based  on  the  principle  of  Laser  Doppler  Anemometry  is 
presented  in  the  report.  This  method  provides  accurate  direct  observations  of 
thermoelectric  elements  (Peltier  or  Seebeck)  dynamic  deformations.  The 
validity  of  presented  method  is  illustrated  on  the  examples  of  investigation  of 
dynamic  deformation  of  Peltier  cooling  element. 


1.  Introduction 

In  solving  the  problem  of  reliability  improvement  of 
thermo  electric  (TE)  elements  (Peltier  or  Seebeck),  it  is  very 
important  to  ensure  direct  measurements  of  deformation  and 
the  rate  of  deformation  of  TE  branches  and  the  whole  TE 
elements  in  actual  time  of  deformation  process  after  electric 
cunent  or  heat  begins  to  flow  through  TE  elements. 

It  seems  to  be  incorrect  to  use  film  or  wire  tensometers  to 
measure  small  deformations  of  tested  elements  in  the 
conditions  of  temperature  variation  during  deformation 
process,  because  of  considerable  temperature  dependence  of 
tensometers  resistance  and  uncertainty  of  tensor  thermal 
conditions.  Besides  it  is  difficult  to  get  reliable  attachment  of 
tensometers  to  a  small  rough  surface  of  TE  branch  for 
example. 

Mettiods  of  optic  and  electron  microscopy  are  also  hardly 
applicable  for  observations  of  dynamic  deformation  of  TE 
branches  and  elements,  especially  if  TE  elements  are 
mounted  in  operating  device. 

Commonly  used  laser  interferometers  allow  to  measure 
displacement  of  specimen  surface  with  high  accuracy  but  are 
sensitive  to  adjustment  of  their  optics  and  give  the  best 
results  only  for  displacements  normd  to  investigated  surface. 

Recent  development  of  multi  exposure  laser  holographic 
interferometry  methods  allow  to  reconstmct  the  whole 
picture  of  tested  specimen  deformation  in  sequence  of 
exposure  time  moments.  But  these  methods  also  need  very 
accurate  adjustment  of  the  whole  setup  and  besides  are  very 
expensive  in  realization. 

To  facilitate  initial  adjustment  of  the  laser  set  up  of 
deformation  measurements  and  improve  accuracy  of 
dynamic  deformation  measurements,  it  is  preferably  to  pick 
out  and  measure  only  deformation  altering  in  time.  Such 
principle  is  realized  in  Laser  Doppler  Anemometry  (LDA) 
methods,  where  Doppler  signal  of  alternating  phase  reflected 
from  moving  tested  specimen  surface  is  an  informative 
signal,  which  is  picked  out  and  undergone  electronic 
treatment  and  measurement  [1]. 

The  characteristic  values  of  velocities  and  displacements 
that  need  to  measure  during  deformation  process  of  TE 
elements  are  in  the  ranges  of  (0.01-10)pm/s  and  (0.  l-100)gm 
correspondingly.  So  the  corresponding  Doppler  frequency 


shift  for  visible  laser  radiation  is  in  the  range  of  (0.01-10)s-i 
and  cannot  be  detect  by  ordinary  LDA  methods.  The 
possibility  of  LDA  method  improvement  to  measure  ultra 
low  velocities  and  displacements  was  clearly  shown  in  [2]. 
The  object  of  the  present  report  consists  in: 

a)  to  give  principles  of  ultra  low  velocities  and  displacements 
measurements  by  LDA  methods, 

b)  to  give  an  example  of  LDA  set  up  realization  to 
investigate  dynamic  deformation  of  TE  elements, 

c)  to  illustrate  the  benefit  of  LDA  method  on  the  examples 
of  investigation  of  dynamic  deformation  of  some  Peltier 
cooling  element  like  MELCOR's  CP1.4-127-06L. 

2.  Principles  of  ultna  low  velocities  rmd 
displacements  measurements  by  LDA-metbod 

It  is  well  known,  that  frequency  of  coherent  laser  radiation 
scattered  by  moving  (relatively  the  laser)  sample  surfece 

reveals  Doppler  frequency  shift  COd,  which  can  be  expressed 
in  laboratory  coordinate  system  and  flat  radiation  front  as: 

fOD=(ks  -ko)-v  ,  (1) 

where  ks  and  ko  are  wave  vectors  of  scattered  and  original 
radiation  correspondingly,  V  is  a  velocity  vector  of  scattering 
surface. 

To  separate  low  frequency  Doppler  deviation  of  original 
laser  radiation  frequency  the  differential  scheme  is  used: 
original  laser  beam  is  splitting  into  two  coherent  beams, 
which  are  being  focused  then  on  tested  surface  area.  The 
scattered  laser  beams  are  superimposed  and  received  by 
photo  receiver, 

Doppler  modulation  frequency  COm  of  superposition 
amplitude  of  two  scattered  laser  beams  is: 

(Om  =COdi  -®d2  =(ks1  -kol)-V  -(ks2  -ko2)-V  ,  (2) 
or  approximately 

COm  =k-v  ■cos(t)-a. 


(3) 
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where  COqi  and  0002  the  Doppler  ftequency  shifts  of  the 
fist  and  second  coherent  laser  beams,  a  is  an  angle  between 
wave  vectors  of  two  laser  beams  falling  on  tested  surface 
(ordinary  a«1),  k=27t/A,  and  A,  is  a  wavelength  of  laser 
radiation,  V  is  a  value  of  scattering  surface  velocity,  (j)  is  an 
angle  between  V  and  scattering  vector  (ks  -ko) 

In  the  case  of  fixed  wave  vectors  difference  (ko2"ko1 )  of 
original  probing  laser  beams,  the  variation  500  m  of  Doppler 
modulation  fi-equency  depends  on  variation  5V  of  velocity 
vector  of  scattering  surfece  and  variation  6(ks1“ks2)  of 
wave  vectors  difference  of  scattered  laser  beams: 

5(0  m  =((ko2-kol)  -(ks1-ks2)]-6v 

+  6(ks1-ks2)-V  .  (4) 

The  variation  5{ks1  -ks2)  is  determined  by  change  of 
reflection  properties  of  tested  surfece  area,  which  are  not 
depended  on  surfece  movement  directly. 

Output  voltage  U{t)  of  photo  receiver  which  detects 
scattered  laser  radiation  is  in  general: 

U(t)=Ub(t)+UD(t)-sin{C0mt),  (5) 

where  Ub(t)  is  background  signal,  UD(t)  is  an  amplitude  of 
Doppler  signal. 

During  measirrement  of  ultra  low  values  of  V 
underground  and  Doppler  signals  has  similar  low  frequency 
spectra,  so  special  modulation  of  the  probe  laser  beams 
should  be  used  to  separate  Doppler  signal  [2],  Let  phase  of 
one  of  the  probe  beams  undergoes  pulse  modulation  by  the 

value  +71/2  with  period  T,  where  27tA'»COnn.  5C0m- 
Modulation  phase  shift  is  described  in  Fig.  1 . 


Fig.l.  Additional  shift  of  probe  beam  phase  due  to  phase 
pulse  modulation. 


As  a  result  of  such  pulse  phase  modirlation  three  two- 
beam  mterference  lattices  are  arising  on  scattered  surfece. 
Two  of  these  lattices  are  shifted  in  space  relative  central 
lattice  by  the  distance  +A,/4.  due  to  phase  shift  +71/2  of 
modulated  probe  beam.  These  three  lattices  exist  in  different 
time  intervals  and  there  is  no  interaction  among  them. 

In  a  motion  of  tested  surface  area  through  interference 
lattices  the  variation  of  scattered  laser  radiation  intensity 
arises.  The  laser  radiation  receiver  output  voltage  U(t)  during 


every  period  of  modulation  can  be  expressed  as  a  sequence 
of  three  scattered  Doppler  signals: 

Ui(t)=Ub  (t)+UD(t)-sin[((Om  t+(2-i)7r/2)] ,  (6) 

where  i=l,  2,  3  during  first,  second  and  third  parts  of 
modulation  period  correspondingly  (see  Fig.l). 

The  receiver  output  signal  U(t)  should  be  sphtted  up  into 
three  separated  Doppler  s^jials  in  accordance  with  their 
modulation  phase  shift.  The  splitting  procedure  is  carried  out 
with  the  help  of  electronic  commutator,  which  switch  signal 
U(t)  between  three  partial  signal  lines  every  T/3  part  of 
modulation  period. 

After  smoothing  procedure  of  separated  signals  there  are 
three  separated  low  frequency  Doppler  signals  Uj(t)  shifted 
relative  each  other  by  the  phase  value  +7t/2.  To  eliminate 
backgrormd  signal  Ub(t),  smoothed  Doppler  signals  Uj(t) 
are  sent  to  arithmetic  processor  to  carry  out  the  following 
procedure: 

U2(t)-[Ui(t)+U3(t)]/2  (7) 

So  the  output  arithmetic  processor  voltage  Uout(t)  is 
free  of  background  component: 

Uout(t)=UD  (t)-sin(COmt)  (8) 

The  general  requirements  of  equation  (8)  fiilfillment  are: 
flat  laser  radiation  front  and  sufficiently  high  frequency  of 
laser  phase  modulation  in  comparison  with  Doppler 

modulation  frequency  (Otn  il®  variation  50  m. 

Signal  Uout(t)  is  send  to  the  input  of  electronic  block  of 
low  frequency  measurement.  The  output  voltage  U(COrn)  of 

this  block  is  proportional  to  Om  and  after  digital  integration 
serves  to  control  deflection  of  both  laser  beams  so  that  spot 
of  laser  radiation  on  tested  surface  area  moves  together  with 
this  area  and  illuminates  always  the  same  part  of  tested 
surfece.  As  a  result  of  such  control  signal  is  minimized  and 
the  output  signal  of  integrator  U(6x)  is  proportional  to 
displacement  6x  of  illuminating  part  of  tested  surfece. 

Sign  of  velocity  of  scattering  surface  motion  is  determined 
by  determination  the  sign  of  difference  between  values  of 
phase  of  Ut  (t)  and  U2(t)  signals: 

-the  difference  +71/2  corresponds  to  positive  sign  of  COrn 
and  V, 

-the  difference  71/2  corresponds  to  negative  sign  of  (Om 
and  V. 

So  the  presented  method  is  the  LDA  method  of  velocities 
and  displacements  measurements  with  compensation  of 
Doppler  signal.  The  output  information  signals  are:  velocity 
and  displacement  of  scattered  tested  surfece  and  sign  of 
velocity. 
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3.  LDA  set-up  and  experiment 

The  structural  scheme  of  experimental  LDA  set-up 
realizing  the  above  mentioned  LDA  principles  are  depicted 
in  the  Fig.2.  The  set-up  consists  of  sin^e  mode  He-Ne  laser 
1  of  A,=632.8iun  and  power  3m W,  focusing  lens  2,  laser 
beam  splitter  3,  modulator  of  probe  laser  beam  phase  4, 
deflector  of  the  probe  laser  beams  5,  focusing  lens  6,  receiver 
optics  7,  photo  receiver  8,  synchronizer  9,  10-12  - 
synchronized  switches  of  electronic  commutator,  13-15  -low 
firequency  smoothers,  arithmetic  processor  16,  selector  of 
velocity  sign  17,  frequency  measurement  scheme  18, 
integrator  of  the  Doppler  signal  19,  tested  TE  element  20, 
plotter  21  to  record  time  dependence  of  displacement  of 
tested  surfece  area.  Arrows  in  the  Fig.  3  indicate  directions  of 
laser  beams  wave  vectors. 

The  output  voltage  of  integrator  19  is  send  to  deflector  5 
of  the  probe  beams  and  to  the  “Y”  input  of  plotter  21. 
Synchronized  total  signal  controlling  modulator  4  and  partial 
signals  controlling  switches  of  electronic  commutator  are 
shown  in  Fig.2  also. 

In  order  to  demonstrate  some  &cihties  of  the  LDA 
method  in  experimental  investigation  of  TE  batteries 
dynamic  deformation  some  experiments  were  performed  to 
register  dependence  on  time  of  TE  branch  displacements, 
after  moment  when  electric  current  begins  to  flow  through 
TE  battery.  The  tested  TE  battery  (40x40x3mm3  of 
dimensions)  consisted  of  127  thermocouples  is  produced  by 
NORD  Co.  (Moscow,  RUSSIA).  The  USA  equivalent  of 
tested  battery  is  MELCOR's  CP  1.4-127-06L. 

The  general  scheme  of  experiment  is  presented  in  Fig.  3. 
The  probe  laser  beams  1  and  2  is  focusing  on  surface  of 
outlying  branch  near  cold  side  of  TE  battery  3.  The  area  of 
irradiated  spot  on  the  branch  surface  is  approximately 
2 

0.1mm  The  tested  TE  battery  is  mounted  inside  vacuum 
chamber  4  on  massive  copper  base  5  with  the  help  of  needle 
press  (6)  and  BeO  paste.  This  ensures  good  thermal  contact 
ofTE  battery  and  copper  base  5  and  approximately  constant 
temperature  of  battery  hot  side  during  experiments.  The  hot 
side  temperature  is  measured  by  thermocouple  7. 

Temperature  difference  AT  between  hot  and  cold  sides  of 
TE  battery  during  experiments  is  measured  by  thermocouple 
8.  The  signal  of  thermocouple  8  is  send  to  “Y”  input  of 
plotter  and  time  dependence  of  AT  is  recorded  by  coordinate 
plotter  during  experiments.  Simultaneously  time  dependence 
of  displacement  signal  U(8x)  is  recorded  by  another 
coordinate  plotter. 

Some  experimental  results  of  observation  of  TE  branch 
dynamic  deformation  by  LDA  method  are  presented  in 
Fig.4.  Here  curves  1  and  2  show  time  dependence  of 
displacement  5x  of  chosen  sui&ce  area  (where  both  of 
probe  laser  beams  are  focused)  of  tested  TE  branch.  Points 

^1  (^2)  Xfi  (Xf£)  indicate  original  (before  DC  electric 
current  turn  on)  and  final  (after  electric  cunent  being  turned 
on  for  a  long  time)  coordinates  of  chosen  surfe.ce  area  of 
tested  TE  branch.  Number  1  corresponds  to  electric  current 
1=1 .6A  and  maximum  of  temperature  difference  (at  this 

value  of  I)  ATniajr'30*’c,  number  2  conesponds  to  I=2.2A 
and  ATinaj(=36°C.  Values  Xfi  and  Xf^  corresponds  to  the 


time  when  AT,nax  is  achieved.  In  the  Fig.4  the  “on”  indices 
indicate  time  moment  when  electric  current  begins  to  flow 
through  TE  battery.  Curve  3  indicates  time  dependence  of 

TE  battery  relative  temperature  difference  AT/ATmax- 
Comparison  of  1-3  curves  allows  to  connect  TE  branch 
deformation  and  regime  of  AT  alteration. 

Presented  experimental  results  show  that  deformations  of 
TE  branch  are  sufficiently  sharper  in  the  first  part  of 
deformation  process  caused  by  AT  increase.  Perhaps  such 
behavior  of  6x  is  the  evidence  of  solder  plastic  deformation 
when  the  rates  d(8x)/ck  and  d(AT)/dt  are  suflBciently  lower 
than  in  the  first  part  of  TE  branch  deformation. 

Obtained  results  could  be  useful  to  formulate  correct 
regime  of  TE  battery  operation  to  increase  its  life-time. 

Of  course,  one  should  consider  the  obtained  results  as  the 
first  pilot  results,  which  show  the  validity  and  prospects  of 
presented  LDA  method  in  investigation  of  TE  elements 
dynamic  deformation. 

4.  Conclusions 

Presented  LDA  method  of  time  dependent  deformation 
measurements  allows: 

1)  to  carry  out  distant  measurements  of  deformation  and 
rate  of  deformation  of  TE  elements  in  wide  range  of 
alteration  of  these  parameters  independently  on 
envirorunental  conditions  at  the  place  of  TE  elements 
(temperature,  nuclear  radiation,  vacuum,  liquid  or  gaseous 
surroundings  etc.), 

2)  to  determine  requirements  on  "on-off”  regime  of  TE 
batteries  or  another  kinds  of  TE  elements  to  increase  their 
reliability  and  life-time, 

3)  to  build  up  portable  and  inexpensive  highly  accurate 
device  for  distant  measurements  of  small  deformations  and 
ultra  low  velocities  of  deformation;  minimum  surfece  area  of 
object  under  investigation  can  be  less  than  0.  Imm2, 
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Fig.2.  Structural  scheme  of  experimental  LDA  set-up:  (1)  - 
single  mode  He-Ne  laser  of  A/=632.8nm  and  power  3mW,  (2) 
-lens,  (3)  -laser  beam  splitter,  (4)  -probe  laser  beam  phase 
modulator,  (5)  -deflectors  of  the  probe  beams,  (6)  -focusing 
lens,  (7)  -receiver  optics,  (8)  -photo  receiver,  (9)  - 
synchronizer,  (10)-(12)  -synchronized  switches  of  electronic 
commutator,  (13)-(15)  -low  frequency  smoothers,  (16)  - 
ariflunetic  processor,  (17)  -selector  of  velocity  sign,  (18)  - 
frequency  measurement  scheme,  (19)  -integrator,  (20)  -tested 
sample  of  TE  element,  (21)  -plotter  to  record  time 
dependence  of  displacement  of  tested  surface  area.  Arrows 
in^cate  directions  of  laser  beams  wave  vectors. 


Fig.3.  General  scheme  of  experiment:  (1)  and  (2)  -the 
probe  laser  beams  ,  (3)  -TE  battery,  (4)  -vacuum  chamber, 
(5)  -massive  copper  base,  (6)  -needle  press  ,  (7)  -hot  base 
thermo  couple,  (8)  -temperature  difference  thermocouple. 


Fig.  4.  Experimental  time  dependence  of  measured  by  LDA 
method  surfece  area  coordinate  of  tested  TE  branch:  curve  1 
corresponds  to  DC  electric  current  1=1. 6A  and  ATj^ax^ 

30°C,  curve  2  corresponds  to  I=2.2A  and  AT|„ax=36  C, 
curve  3  indicates  time  dependence  of  TE  battery  relative 

temperature  difference  AT/ATjjiax-  The  “on”  indices 
indicate  time  moment  when  electric  current  begins  to  flow 
through  TE  battery. 
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THERMOELECTRIC  LINEAR  MOTOR 


Lev  P.  Bulat 

St. Petersburg  State  Academy  of  Refrigeration, 
Lomonosova  St.  9,  St. Petersburg,  191002,  Russia 

The  new  type  of  linear  electric  motor  —  “Thermoelectric  Linear  Motor”  is  sug¬ 
gested.  The  motor  used  two  effects:  1)  the  Peltier  effect  and  2)  the  form  memory 
effect.  The  theoretical  and  experimental  analysis  shows  that  the  Thermoelec¬ 
tric  Linear  Motor  has  some  important  advantages  over  traditional  linear  motors. 
This  advantages  gives  a  possibility  to  use  the  Motor  for  designing  of  effective  and 
reliable  manipulators  for  creation  different  automatic  control  systems. 


In  our  report  we  suggest  the  new  type  of  linear 
electric  motor,  we  call  it  “Thermoelectric  Linear 
Motor”  (TELM)  [1].  The  TELM  used  two  effects: 
1)  the  Peltier  effect;  2)  the  form  memory  effect. 

There  are  known  a  lot  of  materials  holding  the 
fomi  memory  [2].  Let’s  consider  a  content  of  the 
form  memory  effect  [2]. 

At  first,  let’s  give  a  new  form  (at  a  temperature 
Tg)  to  a  sample  holding  the  form  memory  Then  we 
cool  the  sample  to  a  temperature  Tc  which  is  low¬ 
er  than  the  special  temperature  Tm  for  this  sample 
(2’,„  is  the  temperature  of  phase  transition).  The 
next  step  is  a  positive  imparting  of  its  original  form 
to  the  sample  and  a  liquidation  of  the  deformation. 
After  these  manipulations  we  have  to  heat  our  sam¬ 
ple  to  a  certain  temperature,  which  is  upper  that 
Tm .  In  this  condition  a  sample  with  the  form  mem¬ 
ory  will  reduce  its  form,  which  it  got  at  the  temper¬ 
ature  Tg. 

Recently  there  appears  more  than  500  papers, 
which  suggested  an  application  of  materials  with 
the  form  memory  in  energetic  devices  and  machines 
for  different  purposes  [2],  These  materials  used  in 
designing  and  manufacturing  of  1)  linear  and  ro¬ 
tors  motors;  2)  sensors  for  temperature  measuring, 
for  heat  protection  and  regulation;  3)  connecting 
devices,  e.g.  couplings,  commutators;  4)  technical 
transforming  blocks;  5)  medical  orthopedic  devices 
etc.  [2]. 

An  efficiency  and  a  reliability  of  energetic  devices 
and  machines  with  the  form  memory  effect  strongly 
depends  on  ways  of  energy  admission  and  remission. 
We  are  sure  that  the  thermoelectric  method  is  the 


best  one  of  energy  guaranteeing  for  the  devices  with 
the  form  memory  effect.  Really,  this  method  gives 
a  possibility  to  cool  or  to  heat  a  buttery  junctions 
by  reversing  an  electric  current. 

We  suggest  the  Thermoelectric  Linear  Motor  [1], 
which  is  a  new  type  of  linear  electric  motor  with 
the  thermoelectric  method  of  cooling  and  heating 
material  with  the  form  memory  effect.  The  main 
idea  of  this  motor  is  shown  on  Fig.l. 

Figure  1:  The  Thenno  electric  Linear  Motor 


1  2 


1  —  semiconductor’s  brandies  (bars);  2  —  elec¬ 
trical  junctions  under  the  branches  from  a  material 
with  the  form  memory;  3  —  electrical  junctions  un¬ 
der  the  branches  from  a  fixable  wire;  4  —  current 
source;  5  —  conducting  wire. 
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The  i'ELM  consists  from  a  number  of  semicoii- 
iuctor  brandies  />-  and  ri-types  (bars)  L,  unitad  in 
thermoelectric  battery.  The  upper  electrical  junc¬ 
tions  between  the  branches  carry  out  by  the  bridges 
from  a  material  with  the  form  memory  2.  On  the 
other  side  of  the  battery  axe  the  electrical  junctions 
which  are  manufactured  from  a  fixable  wire  3. 

When  passing  a  direct  electric  current  through 
the  contact  of  p-  axrd  ri- bran  dies  the  temperature 
of  the  bridges  is  decreasing  (or  increasing)  in  accor¬ 
dance  with  the  Peltier  effect.  Than  the  bridges  are 
changing  their  form  because  of  the  form  memory. 
Thus,  the  angle  under  p-  and  rt-branches  is  dianging 
and  the  thermoelectric  battery  also  is  dianging  as  a 
whole  its  form  as  like  as  an  accordion.  The  thermo¬ 
electric  battery’s  brandies  are  fixed  kinematically 
on  hinges  (do  not  shown  on  Fig.l).  So,  an  electric 
current  leads  to  moving  of  the  battery.  The  com¬ 
mutation  of  the  current  leads  to  reversion  of  moving 
(a  tension  changes  to  a  pressing). 

We  designed  an  experimental  device  of  TELM 
for  investigation  of  its  energetic  characteristics.  It 
is  used  Bi2re3  of  p-  and  n-types  as  a  material  for 
thermoelectric  battery.  Also  it  is  used  NiTi-55  as 
a  materials  with  the  form  memory.  We  bridge  to 
TELM  an  electric  current  with  a  known  drain  power 
(about  7W)  to  determine  its  efficiency.  Mechanical 
power  was  measured  with  using  a  force  measurer. 
A  typical  temperature  of  the  hot  junctions  was 


To  ~  260id,  the  temnerature  of  the  cold  junctions 
was  J'l  Ki  MOK.  The  mechanical  force  F  w  (15.5  - 
IS.Sj/V,  the  time  of  movement  reversing  r  ^  (8  - 
10)s,  the  travel  1  »  0.8cm.  The  resulting  efficiency 
was  1]  (0.2  —  0.3)  per  cent. 

It  was  suggested  a  simple  physical  model  for  the¬ 
oretical  analysis  of  TELM’s  efficiency.  In  conditions 
of  the  experiment  the  formulae  gives  77  w  12  —  15 
per  cent. 

An  analysis  shows  that  the  TELM  has  several  im¬ 
portant  advantages  over  traditional  linear  motors. 
Really,  it  is  possible  1)  to  create  with  the  TELM 
lower  velocities  of  motor’s  working  part,  2)  to  fix 
a  working  part  in  a  necessary  point,  3)  to  use  a 
standard  source  of  airrent;  moreover,  4)  the  TELM 
is  noiseless  and  5)  the  TELM  has  small  size,  frliis 
advmitages  gives  a  possibility  to  use  the  TELM  for 
designing  of  effective  and  reliable  manipulators  for 
creation  different  automatic  control  systems. 
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STAGE  THERMIONIC  AND  THERMOELECTRIC  ENERGY  CONVERTER 
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Optimal  control  methods  are  used  for  the  best  characteristics 
of  complex  electric  energy  generation  eombined  system 
calculation.  High-temperature  stage  of  this  system  has  a 
thermionic  converter,  low-temperature  has  a  stage 
thermoelectric  generator.  Examples  demonstrating  such 
designing  efficiency  for  stage  energy  conversion  systems 


have  been  given. 


Introduction 

Development  of  new  nontraditional  Irigh  effective 
sehemes  of  direct  thermal  energy  conversion  into  the 
electric  energy  is  the  important  and  actual  problem. 
Tltermoelectric  and  thermionic  generators  made  a  good 
showing  as  stationary  thermal  energy  converters. 

Thermoelectric  method  of  conversion  is  the  most 
developed  one.  This  enables  to  design  power  sources  with 
conversion  efficiency  up  to  18%. 

Such  efficiency  value  can  be  provided  with 
thermoelectric  generator  stage  schemes,  each  stage  must 
be  made  of  semiconductor  materials  with  best  figure  of 
merit  for  a  stage  operating  temperature  range.  This  is 
connected  with  thermoelectric  material  figure  of  merit 
heavy  dependence  on  temperature  [1]  and  their 
dependences  maximum  position  for  different  materials  at 
different  temperatures. 

Today  there  is  no  thermoelectric  materials  of  p- 
and  rt-types  with  sufficiently  high  figure  of  merit  in  the 
temperature  range  higher  1300  K.  This  fact  and 
technological  problems  connected  with  production  of 
high-temperature  batteries  (with  hot  junction  temperature 
up  to  2000  K)  limit  the  temperature  range  of  energy 
conversion  thermoelectric  method  use. 

On  the  other  hand,  in  the  temperature  range  of 
1300-2000  K  thermionic  converters  arc  effective  [2]. 
Tfieoretically  thermionic  generators  can  provide  the 
efficiency  up  to  30%  at  high  operating  temperatures  of 
electrodes:  an  emitter  temperature  of  about  2000A,  a 
collector  temperature  of  about  lOOOAi  It  is  naturally  lead 
to  the  idea  of  a  combined  thermionic-thermoelectric 
system  of  electric  energy  generation  development,  the 
operating  range  of  wliich  may  be  wide  temperature  range; 
from  300.Sr  to  2000 A'.  Arranging  thermoelectric  generator 
hot  junctions  in  thermal  contact  with  collector  of 
thermionic  one  we  additionally  convert  a  part  of  emitted 
from  the  collector  energy  into  the  electric  one  increasing 
thereby  the  conversion  efficiency.  This  idea  is  not  new.  It 
was  studied,  for  instance,  in  the  Japanese  papeis  [3,4] 


devoted  to  designing  of  Super-HYDECS  -  high  effective 
hybrid  direct  energy  conversion  system. 

Tlie  present  paper  proposes  the  method  of  such 
system  optimization  based  on  the  optimal  control  theory 
methods.  Tliis  method  showed  itself  as  an  effective  tool 
for  combined  cooling  systems  [5]  and  cascade 
thermoelectric  energy  converters  design. 

Statement  of  the  problem 

Let  us  examine  the  possibilities  for  the  optimal 
control  method  spreading  on  the  combined  thermionic- 
thermoelectric  system  of  electric  energy  generation.  Such 
device  scheme  is  given  in  Fig.l.  Optimization  basic  data 

Fig.  1  Thermionic-thermoelectric  generator  model. 


I 

V  y  ▼  ▼ 


i  i  i  i 


include  the  emitter  temperature  of  a  thermionic  generator 
(TIC)  TJ^^  ,  heat  release  surface  temperature  of  a 
thermoelectric  generator  (TEC)  ,  as  well  as  the 

experimental  dependence  of  thermionic  converter 
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efficiency  on  emitter  temperature  and  collector 

temperature  7™  in  the  form 

r,„c=fiTr>Tn  (1) 

Semiconductor  material  properties  used  in  each 
cascade  must  be  known  for  thermoelectric  stage: 

^n,p  ~  ^n,p  ~  ^2^ 

^n,p  ~ 

The  problem  of  the  generation  combined  system 
maximum  efficiency  achievement  determined  as 

P  =  1- 

/=r 

is  of  the  most  practical  interest.  Here  rj,  -  is  the  efficiency 
of  the  generator  /-stage.  Instead  of  (3)  it  is  convenient  to 
insert  the  functional 

/  =  In  (1  -  p)  =  In  (1  -  pr/c)  +  -^tec  > 

where  Jtec  is  the  functional  of  At-cascade  thermoelectric 
stage  scheme  of  which  is  given  in  Fig. 2.  Jtec  is  defined 
by  the  expression 

Fig.2.  Mcascade  thermoelectric  generator  model. 


Specific  fluxes  involved  into  (6)  depend  on 
generated  current  densities  k  and  legs  size  which  can  be 
varied.  It  is  necessary  to  find  such  parameters  values 
which  deliver  minimum  to  the  functional  J  (4). 
Calculations  of  boundaiy  heat  fluxes  are  carried  out 
similarly  as  in  the  problem  of  optimal  control  by  a  stage 
generator.  Difference  is  in  the  form  of  boundary 
conditions  for  nonequilibriuni  thermodynamics 
differential  equation  system 

Y  _  q 

dx  Ki 

dq  _  a-jik  j  ,  ^  ,  4 

dx  K^.  Kj- 

In  this  case  heat  absorbing  surface  temperature  of 

thermoelectric  stage  is  not  fixed  but  is  agreed  with  the 
collector  temperature  of  the  thermionic  stage  and  is 

the  optimization  parameter.  Tire  boundary  conditions 
therewith  have  the  form 

r„(0")  =  r^(o^)  = 

=  ^:  =  1,...,A^-1  (8) 

=  Tpixp,) 

T„(xl)  =  T„{xt)  +  5T 


■  k  =  \,...,N.  (7) 

n,p 


Jtec  =  (5) 

k  =  l 

with  specific  (referred  to  current  intensity)  heat  fluxes  on 
thermocouple  junctions  calculated  as 


n,p 

n,p 


(6) 


where  r^r  is  electric  resistance  of  a  contact  surface  unit. 


where  ST  is  the  temperature  difference  at  the  TEC 
cascades  joint. 

TIC  efficiency  value  incorporated  into  (4)  is 
determined  by  the  experimental  dependence  (1).  It  is 
necessary  to  take  into  account  that  at  the  boundary 
between  TEC  and  TIC  temperature  difference  AT 
arises,  so 

(9) 

On  the  optimal  control  language  the  problem  is 
stated  as  follows.  There  is  an  object  in  the  form  of  the 
generation  combined  system  that  described  by  the 
differential  equations  system  (7).  The  equations  contain 
phase  coordinates  T,  q  and  ^^/-dimensional  vector 
parameter  /.  The  system  mobility  is  limited  by  multi-point 
edge  conditions  (8),  point  location  is  not  fixed.  It  is 
necessary  to  find  such  values  of  /-parameter, coordinate  Xk 
and  phase  trajectories  T,  q  which  deliver  minimum  to  the 
functional  /  (4)  under  (1),  (8),  (9)  limitations.  The 
fulfilment  of  these  conditions  defines  thermoelectric  stage 
optimal  structure  which  is  in  agreement  with  the 
thermionic  generator.  The  problem  solution  is  effected  on 
the  base  of  the  Pontryagin  maximum  principle  [6]  from 
which  the  functional  extremum  conditions  in  the  optimal 
control  problems  are  determined. 

The  computer  program  for  optimal  combined 
thermionic  -  thermoelectric  systems  of  energy  generation 
has  been  worked  out. 
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Results  of  calculation 

The  calculation  of  the  combined  generation  system 
optimal  efficiency  operated  at  temperature  difference 
300-2000  K  has  been  given  as  an  example  illustrated  the 
outlined  method  possibilities.  Thermoelectric  stage  of  this 
system  is  a  three-cascade  generator.  Low-temperature 
cascade  was  made  of  materials  based  on  Bi-Te,  average- 
temperature  cascade  -  on  the  base  of  Pb-Te,  liigh- 
teniperature  -  on  the  base  of  Si-Gc.  A  generator  used  in 
Japanese  project  Super- HYD  ECS  [4]  was  Uiken  for  the 
thermionic  stage.The  required  for  calculation  its 
efficiency  dependence  on  the  collector  temperature  at  the 
emitter  temperature  of  2000  /C  is  given  in  Fig. 3.  The 
efficiency  dependence  of  thennoelectric  stage  on  heat 
absorbing  junctions  temperature  and  the  total  efficiency 
of  the  generation  combined  system  as  a  function  of 
interstage  temperature  are  given  in  the  same  figure.  It  is 
seen  that  with  temperature  change  between  stages  from 
800  to 

1200  K  the  efficiency  of  such  combined  system  is 
practically  unchanged.  The  obtained  during  calculation 
the  efficiency  maximum  value  was  at  the  TIC  and  TEC 
boundary  temperature  of  950  K  and  is  37%.  This  value 
testifies  about  the  efficiency  of  such  electric  power 
generation  combined  system. 

F/g.J.  Efficiency  dependence  on  temperature  T/,  between  TIC 
and  TEC.  1  -  efficiency  of  thermionic  stage,  T^’^  =  2000/C 
Tjtc  2  -  efficiency  of  thermoelectric  stage, 

jTEC  _  tJ^‘^  =300//;  3  -  efficiency  of  combined 

system,  T'^''^  =  20002/,  T^^  =3001: 
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OPTIMAL  CONTROL  IN  STAGE  THERMOELECTRIC  GENERATORS  DESIGN 

L.I.Aiiatychuk,  L.N.VikJior 

Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 

The  present  paper  examines  tlic  possibilities  of  optimal 
control  use  for  stage  generators  design.  The  computer 
program  enables  to  solve  best  the  problem  of  interstage 
matching  considering  temperature  dependences  of  the 
material  properties  and  all  types  of  electric  and  thermal 
losses  has  been  developed. 


Introduction 

Advances  in  thermoelectricity  practical  application 
for  electric  energy  generation  are  connected  with 
maximum  efficiency  attainment  which  in  the  simplest 
case  is  determined  by  the  expression  [1] 


Ti  -  Tj  M  -  1 

'n  “  rp  '  J’  ’ 

Ti 

M  —  J\  -V  Z  (7j  +  Tf)  /  2  . 


The  formula  includes  thermodynamic  component 
that  is  the  Carnot  cycle  efficiency.  The  second  term 
depends  on  thermoelectric  material  figure  of  merit  Z.  It 
follows  from  (1)  that  there  are  two  possibilities  for  large 
values  of  the  efficiency  obtaining.  The  first  is  connected 
with  temperature  difference  increase.  The  second  consists 
in  figure  of  merit  increase.  Both  possibilities  ultimately 
depend  on  thermoelectric  material  properties.  On  the  one 
hand,  the  Carnot  efficiency  increase  is  limited  by  the 
thermoelement  material  melting  temperature.  On  the 
other  hand,  the  material  quality  defines  its  figure  of  merit 
and  preservation  of  this  parameter  large  value  in  the  wide 
temperature  range.  All  thermoelectric  materials  are 
characterized  by  temperature  dependence  of  figure  of 
merit  in  the  form  of  the  function  with  maximum.  Hence 
there  is  optimal  Z  for  each  material  only  in  the  definite 
temperature  range.  Temperature  ranges  with  rather  large 
figure  of  merit  values  are  not  very  wide  and  usually  are  in 
the  range  of  200  -  500  degrees.  Thus  it  is  appeared  the 
conventional  material  separation  on  low,  medium  and 
high-temperature  ones.  The  most  effective  ones  stand  out 
of  the  multitude  of  materials  and  are  at  present 
conventional  for  thermoelectricity  [2]. 


Relatively  narrow  temperature  intervals  of 
materials  brought  the  thermoelectric  converters  designers 
to  the  idea  of  stage  generators  development  |3,4,5].  Each 
stage  is  made  of  material  with  the  best  figure  of  merit  for 
the  stage  operating  temperature  interval. 

It  is  necessary  to  note  that  stage  generator 
optimization  for  maximum  efficiency  achievement  is  a 


very  complicated  problem.  Tlie  problem  is  in  the 
necessity  to  consider  starting  material  temperature 
dependences,  commutation  and  contact  resistances, 
interstage  losses,  heat  exchange  with  surroundings.  To 
calculate  stage  device  characteristics  as  a  whole,  it  is 
necessai'y  to  take  into  account  the  interaction  of  all  stage 
regimes.  Mathematical  model  of  a  thermoelectric 
generator  is  a  system  of  heat-electric  exchange  equations 
connected  by  integration  conditions  [6].  Temperature 
dependences  of  material  properties  define  nonlinearity  of 
such  model.  Dius  the  problem  of  determination  of 
thermoelectric  energy  converter  characteristics  reduces  to 
the  differential  equations  solution  of  the  nonlinear  system. 
It  is  necessary  to  use  numerical  methods  to  get  the  exact 
solution.  Tliis  imposes  difficulties  in  generation  stage 
device  optimization.  To  our  mind  sufficiently  exact 
method  of  stage  thermoelectric  batteries  design  has  not 
been  developed  up  to  now. 

Institute  of  Tliermoelectricity  (Ukraine)  conducts 
researches  directed  at  such  methods  search.  It  gives  the 
possibility  for  additional  increase  of  thermoelectric  energy 
generators  efficiency. 

Tire  present  paper  proposes  the  method  of  stage 
thermoelectric  generators  optimization  based  on  the 
optimal  control  theory  methods.  Just  these  methods  were 
successfully  used  for  stage  coolers  optimization  [7],  It 
enables  to  solve  best  the  interstage  matching  problem  and 
to  enhance  electric  parameters  of  stage  coolers  even 
without  figure  of  merit  improvement  by  30-50%. 

Statement  of  the  problem 

Let  us  consider  possibilities  of  optimal  control  use 
for  stage  generators  efficiency  optimization.  Fig.l  shows 
the  model  of  7V-stage  thermoelectric  generator.  Stage 
numbering  is  from  cold  to  hot  stage.  Axis  x  giving  a 
thermoelement  lengtli  marking  out  is  pointed  to  the  same 
direction. 

Starting  data  for  optimization  include  the 
temperature  of  a  heat  absorbing  surface  7),  and  the  heat 
releasing  temperature  f  .  Temperature  dependences  of 
semiconductor  material  parameters  such  as  Seebeck 
coefficient  a  ,  electric  conductivity  cr  and  thermal 
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conductivity  k,  must  be  also  specified  with  its  own 
material 


Go"'  =G^,A:  =  1,...,7V-1, 
Qo  =  -Qc,  Qx  =  -Qh- 


For  convenience  let  us  pass  on  to  the  equivalent 
Fig.  1.  A^-stage  thermoelectric  generator  model.  logarithmic  functional  J=\n(p,  which  in  view  of  (3)  and 

(4)  is  brought  to  the  form 


J  =  Y.  ^0  -  •«  Q\  ),  (6) 

k  -  1 

where 


(7) 


arc  specific  (referred  to  current  intensity)  heat  fluxes  on 
the  thermocouple  junctions  correspondingly.  Expressions 
for  these  heat  fluxes  have  the  form 


dt  =  Z  )  +  ikr-c  1 

n.  p 

do  =  Z  ] 

n.p 

Tliey  depend  on  the  controUed  parameters; 
generated  current  density  in  stages  4  .  It  is  necessary  to 
find  such  values  of  these  parametei's  that  deliver 
minimum  to  the  functional  J. 


,k  =  I,...  N  (8) 


used  in  each  stage.  It  is  also  necessary  to  take  into 
account  losses  connected  with  imperfectness  of  thermal 
and  electric  contacts.  Therefore  contact  resistance  Fc  and 
interstage  temperature  difference  ST  values  should  be 
added  to  the  starting  data. 

The  problem  of  a  generator  maximum  efficiency  is 
of  considerable  practical  interest.  It  can  be  written  as 


h  = 


Qh-Qc 

Qh 


1  -  (p 


(2) 


where  Qh  are  external  heat  fluxes  on  cold  and  hot 
surfaces  of  a  generator,  respectively  .  Function  cp  =  — 

Qh 

may  be  considered  as  minimized  functional.  It  may  be 
conveniently  represented  as 


N 

(p = n  'Pi  ’  (3) 

;fe  =  l 

where 


=  (4) 

GA  G/  are  /r-stage  heat  on  cold  and  hot  surfaces.  In  (3) 
conclusion  we  used  the  equalities  of  the  stage  thermal 
matching 


To  calculate  boundaiy  heat  fluxes  q  included  hito 
(8),  it  is  necessaiy  to  use  the  system  of  4N  differential 
equations  of  nonequilibrium  thermodynamics 

dT  a  /  j.  „ 

— —  - - - 

dx  K  ^  K 

^  j  ^  kt  f.i  k  ^ 

dx  K 

with  temperature-dependent  kinetic  coefficients  and 
boundary  conditions 

r„(0^)  =  Tp(0")  =  T,, 

T„  {xj^  )  =  T  ^(x,y)  =  Tf,, 

T  n  (Xk  )  =  T  p(xk  ),  (10) 

T„  {Xk  )  =  T  p{Xk  ), 

n  k  )  -  ^  (Xk  )  +  5T 

the  location  of  ,  k-],..,N-J  points  is  not  fixed. 

On  the  optimal  process  theory  language  the 
problem  is  formulated  as  follows.  Tliere  is  an  object  {N- 
stage  generator)  the  behaviour  of  which  is  described  by 
47V-dimensional  system  of  differential  equations  (9) 
including  phase  variables  T„^p{x),  qn,p(x)  and  2N- 
dimensional  vector-parameter  i=(i,...ipj)„p..  The  system 
mobility  is  limited  by  multi-point  boundary  conditions 
(10),  the  location  of  Appoints  is  not  fixed.  The 

functional  (6)  can  be  specified  as  a  phase  coordinate 
function  at  the  ends  of  interval  and  at  the  internal  points. 
It  is  necessary  to  find  the  controlled  vector-parameter  /) 
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coordinate  a>  values  and  the  corresponding  pliasc 
trajectory  T(x),  q(x)  for  botli  types  of  tliernioelcinents 
wliich  deliver  mininiuni  to  tlic  functional  (6). 

The  solution  of  the  stated  optimal  problem  is  given 
by  the  Portiyagin  maximum  principle  according  to  which 
the  following  conditions  must  be  fulfilled  for  maximum  J: 

1.  Current  densities  in  stages  must  satisfy  the 
equalities 

ST  5// 

~T7r-+  J  ^7* 

'*•  ;fc  I 

k  =  1,...  yv  , 

where  the  Huniilton  function  //*  has  the  form 
//*  =  +  'l'2/2*)’ 

n,p 

)„p-  arc  the  right  parts  of  (9),  w=(wh  V2)n.p 
pulses  vector  conjugated  to  phase  variable  vector 

y=(T,q)n,p  ■ 

2.  Coordinates  of  joint  points  Xi-  satisfy  the 
conditions 


’(11) 


(12) 


HHxk)=  (13) 

3.  Temperatures  of  joint  points  must  satisfy  the 

system 


X'l'i(-^r)  =  ^  ' . ^ 

n^p  n.p 

The  solution  of  this  problem  was  realized  by  the 
numerical  method  of  successive  approximations.  It  was 
developed  the  computer  program  for  optimal  control 
which  permits  to  calculate  optimal  density  distribution  of 
generated  current  in  stages  and  optimal  cqucncc  of 
intcretage  temperatures  for  thermoelectric  generator 
maximum  efficiency. 


Discussion  of  the  results 

To  illustrate  the  pjoposed  method  of  stage  generator 
optimization  calculations  of  J-stage  thermoelectric 
module  efficiency  has  been  carried  out  for  different 
temperatme  differences  between  cold  and  hot  suifaccs. 
Temperature  dependences  of  standard  thermoelectric 
material  characteristics  figure  of  merit  of  which  is  shown 
in  Fig. 2  were  used  for  calculations.  Bi-Tc  based  materials 
obtained  in  the  Institute  of  Thermoelectricity  were  used 
for  a  low-  temperature  stage,  n-  and  />-typc  Pb-Tc  based 
material  characteristics  for  mean-temperature  stage  were 
borrowed  fiom  |81,  and  Si-Gc  based  material  ones  for 
high-tcmpeiaturc  region  -  from  |9|.  Fig. 3  gives  the  results 
of  the  efficiency  calculations. 


Fig.  2.  Thermoelectric  material  figure  of  merit  a.s  a  function 
of  temperature. 

- //-type  materials, - -  p-type  materials. 

/  -  B/- Te  ha.sed  materials.  2  -  B/l>-7e  based  materials  fS’j. 
3  -  S/'-Ga  based  materials  191. 


Z  10',  K 


T  K 


Fig.  3.  Efficiency  calculation  results  of  three-stage 
generator  at  different  temperatures  of  heat 
adsorbing  junctions  T], .  7j  =3()0A3. 


11,% 


T,,K 


The  obtained  icsults  were  compared  with  the 
similar  device  calculation  results  given  in  one  of  the 
Japanese  papcis  |10|.  Calculations  in  that  paper  were 
carried  out  according  to  standard  formulas  not  taking  into 
account  electric  and  heat  losses  between  stages  by 
corresponding  material  figure  of  merit  averagings  in  the 
operation  temperature  ranges  of  individual  stages.  These 
temperature  intcivals  wcic  chosen  from  the  equality 
condition  of  the  material  figure  of  mciit  of  the  adjacent 
stages.  The  efficiency  values  in  the  calculations  made  by 
the  optimal  control  method  was  higher  despite  of 
additional  intcistage  losses.  Proper  determination  of 
intcistagc  temperature  optimal  function  results  in  the 
efficiency  improvement.  This  confirms  the  prospects  of 


optimal  control  tlieory  use  for  design  of  stage 
thcrinoelcctrie  energy  generator  optimal  stmetures. 
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PECULIARITIES  OF  FUEL  COMBUSTION  PROCESS  CONTROL  IN  CATALYTIC  HEAT 

SOURCES  FOR  TEGS 
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Institute  of  Thermoelectricity,  274000,  General  Post  Office,  box  86,  Ukraine 


Tlie  peculiarities  and  some  methods  of  fuel  catalytic 
combustion  control  in  counterflow  heat  sources  have  been 
investigated.  Valuation  of  factore  effect  caused  by  catalyst 
properties  and  heat  source  peculiarities  on  fuel  oxidation 
process  stability  has  been  done.  It  was  shown  that  the 
behaviour  of  catalytic  reaction  initial  period  defined  the 
possibility  of  the  burner  stable  operation  later  on. 


One  of  the  most  important  step  of  TEG 
development  and  improvement  is  design  of  efficient  heat 
sources  for  them.  At  present  sources  with  fuel  catalytic 
combustion  are  widely  used  for  this  purpose.  In  principle 
they  may  be  of  two  types:  1  -  with  combined  fuel  and  air 
supply  to  the  catalyst,  (that  is  fuel-air  mixture  is  pre¬ 
prepared);  2  -  with  separate  supply  of  these  components, 
that  is  the  fuel  is  forcedly  entered  the  catalyst  layer,  the 
air  diffuses  towards  it  spontaneously.  Each  type  of  fuel 
combustion  has  its  advantages  and  disadvantages  but  we 
do  not  discuss  them  here.  Tire  object  of  the  present  paper 
is  study  of  burners  with  separate  reagent  supply 
(counterflow  burners).  Tlie  simplest  diagram  of  such 
burner  is  shown  in  fig.l. 

Fig.l.  Principal  diagram  of  the  counter  flow  catalytic  burner. 

1  -  catalyst;  2  -  housing;  3  -  armouring  .screen. 

O, 


3  t 


The  counterflow  burner  received  small  attention  in 
literature.  It  may  be  because  the  fuel  combustion  in  them 
is  poorly  meet  the  standard  concept  about  catalyst  reactor 
operation. First,  it  is  unclear  how  the  air  enters  the 
catalyst  layer  towards  to  emerging  reaction  products. 
Gencnlly  it  is  attributed  to  diffusion  |1].  However  the 


calculation  of  diffusion  rate  to  the  catalyst  layer  surface 
shows  that  it  is  approximately  comparable  to  the  rate  of 
the  leaving  gases  contrary  motion.  At  the  same  time  for 
reaction  it  is  ncccssaiy  that  the  air  entci-s  into  the  layer's 
depth  between  the  catalyst  grains  where  the  counterflow 
rate  is  few  tens  as  much.  Nevertheless  such  air  access  to 
the  catalyst  layer  is  observed.  It  is  probable  that  there  is 
more  complicated  turbulent  eddy  phenomena  take  place. 
We  have  no  answer  this  question  for  now. 

Counterflow  burners  may  be  designed  either  for 
liquid  fuel  operation  (benzine,  kerosene,  spirit  and 
others)  or  for  gas  fuel  (propan,  butan,  metan  and 
others). Peculiarity  of  such  burnei-s  operation  control  is  in 
some  additional  degree  of  freedom  caused  by 
impossibility  to  determine  oxygen  supply  to  the  catalyst 
layer.  The  ability  of  the  burner  for  self-control  resulted 
from  it,  external  intervention  into  its  operation  must  be 
within  the  self-control  conservation  limits. 

The  object  of  self-control  in  the  counteiflow 
burner  is  the  oxidation  process  stability  depended  on 
temperature  stability  in  the  combustion  zone. 
Temperature  stability  condition  is  to  be  the  equation 

d{^Q)  ^  d(+Q) 
dT  dT 

where  (+<5)  and  (-(?)  arc  heat  income  and  consumption, 
respectively,  Tis  temperature. 

For  burncis  of  various  stiucturcs  this  principle 
follows  by  different  ways. 

In  the  burner  with  liquid  fuel  its  evaporation  is  due 
the  reaction  heat,  that  is,  the  amount  of  vapor  supplied  to 
the  catalyst  depends  on  temperature  in  the  catalyst 
layer.In  order  to  examine  the  stabilization  scheme  of  such 
heat  source  it  is  nccessaiy  to  define  the  character  of  the 
reaction  speed  function  on  temperature.  In  the  given  case 
the  reaction  is  gone  in  the  diffusion  region  because  it  is 
limited  by  the  fuel  evaporation  speed.  This  means  that 
speed  function  on  temperature  is  linear.  Heat 
comsumptiom  is  also  linearly  dependent  on  temperature. 
Based  on  this  fact  it  was  built  the  diagram  showing  the 
temperature  stabilization  conditions  in  a  heat  source 
working  on  the  liquid  fuel  (fig. 2). 
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Fig. 2.  Temperature  stability  conditions  in  the  catalytic 
burner  on  the  liquid  fuel,  (+Q)  and  (-Q)  heat  input  and 
consumption,  T  -  temperature. 


In  the  given  figure  the  catalyst  starting  into 
working  is  accomplished  by  the  flame  way  [1],  During 
burning  out  of  starting  fuel  the  catalyst  temperature  grows 
and  reaches  the  level  when  in  addition  to  noncatalytic 
heating  flameless  oxidation  on  the  catalyst  is  added.  So, 
smooth  transition  from  flame  burning  to  the  catalytic  one 
happens.  This  transition  is  reflected  on  the  curve  +(5  as 
minimum. 

The  stability  condition  is  achieved  in  the  point  of 
intersection  of  the  heat  income  and  consumption,  the 
stable  temperature  marked  as  7^  To  show  the  effect  of 
feedback  on  the  stable  temperature  value  the  diagram 
shows  two  cases  of  the  catalyst  starting  heating  that  differ 
in  the  heat  quantity  inserted  in  heating.  As  one  can  see 
from  the  figure  the  higher  temperature  of  stiible  running 
burning  process  ( Tc  >  7c)  will  be  at  +  (?'  >  +  Q. 

In  a  heat  source  on  gaseous  fuel  it  supply  is 
effected  under  excess  pressure  then  there  is  ni  feedback 
between  temperature  and  fuel  quantity.  Fig.3  shows  the 
diagram  of  temperature  stabilization  in  such  burner.  In 
the  given  case  the  catalyst  heat  source  starting  is  effected 
by  an  electric  heater.  Combustible  gas  is  supplied 
continuously  and  after  the  catalyst  temperature  7)  the 
oxidation  reaction  is  initiated.  Tire  initiation  of  the 
reaction  can  be  determined  by  spontaneous  temperature 
increase.  Tire  moment  of  the  heating  switch  off  is 
denoted  as  Tq  in  scheme.  Heat  income  +Q  and 
temperature  decrease  happens  then.  On  the  contrary, 
heat  consumption  increases.because  of  losses  due  to 
electric  heating  switch  off. 

Contrary  to  a  liquid  fuel  burner  temperature  Tg 
plays  here  an  important  role.  If  it  sufficiently  high 
(Fig.3a)  then  the  stable  temperature  Tc  will  be  sufficiently 
high  for  prolong  stable  condition  conservation  of  heat 
source  operation.  If  it  is  low  (Fig.3b)  then  stabilization  is 
on  lower  level  and  the  burner  stops  its  operation. 


Fig.3.  Diagram  for  the  burner  stability  operation  on  the  gas 
fuel  in  the  starting  period. 


Tlius,  the  duration  and  stability  of  the  burner 
operation  is  greatly  define  by  catalytic  oxidation  starting 
period  and  the  way  of  fuel  and  aii'  deliver  to  the  reaction 
zone.  Tire  air  access  to  the  catalyst  layer  depth  is 
controlled  by  the  gas  deliver  speed  the  increase  of  which 
reduces  the  depth  of  air  penetration  and  by  temperature 
the  increase  of  which  gives  reverse  effect.  Mutual  effect 
of  these  factors  defines  the  combustion  zone  location, 
that  is,  the  most  heating  catalyst  interlayer  where  the 
reaction  speed  is  maximum  under  optimum  ratio  of 
reacting  components.  It  should  be  noted  that  heat 
radiation  at  the  TEG  generating  elements  is  effected 
through  the  external  surface  of  the  catalyst  layer. 

Tile  typical  method  of  stable  temperature 
maintenance  by  self-controlling  system  may  be  observed 
at  gas  supply  speed  flow  down  and  respectively  heat 
input.  As  gas  supply  speed  slows  down  the  combustion 
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zone  moves  into  the  catalyst  layer  depth  removing  from 
its  outside  surface.  By  this  heat  emission  intensity  by  tlie 
surface  decreases.  The  decrease  of  heat  input  is 
compensated  by  itc  consumption  decrease.  If  the  gsa 
supply  increases  than  occurs  the  rcvci-se  phenomenon.  As 
this  takes  place  the  combustion  zone  moves  upward 
following  the  displaced  air.  However,  its  movement 
speed  is  limited  by  the  constant  temperature  prcsci-vation 
condition.  Tliis  takes  place  for  as  long  as  heat  losses  at 
the  given  temperature  exceed  heat  input.  This  offends 
autothermalization  and  the  burner  stops  its  operation. 

Investigation  of  the  catalyst  upper  layci  revealed 
the  carrier  structure  and  nature  effect  at  the 
autothcrmalizatioin  process  presci'vation. 

Active  aluminum  y  -oxide  in  the  foini  of  grains 
and  silicon  oxide  made  in  the  form  of  fibre  porous  tab 
were  used  as  carriers.  Co-Cr,  Co-Cv-Mn  and  Cu-Cr 
active  phases  were  tested  on  each  of  the  canid's. 
Oxidation  stability  on  the  porous  fibre  catalyst  was  higher 
that  of  the  grain  one.  The  main  cause  of  heat  losses  even 
at  the  initial  period  is  the  catalyst  upper  surface.  Its 
insulation  stabilizes  the  process. 

If  the  oxidation  process  is  in  the  diffusion  region 
then  the  autothermalization  condition  is  heat  loss 
limitation  through  the  layer  upper  surface.  This  function 
performs  best  fibre  carrier. 

The  combustion  zone  movement  along  the  catalyst 
height  in  the  starting  components  counterflow  conditions 
can  promote  proceeding  of  side  reactions.  If  the 
combustion  zone  moves  to  the  catalyst  surface  then  there 
is  an  interlayer  below  it  which  air  cannot  access  to.  Tlius 
the  temperature  here  is  sufficiently  high  to  cause  cracking 
and  dehydrogenation.  These  reaction  products  olefines 
primarily  are  burned  incompletely  and  can  adsorbed  on 
the  active  center's  of  the  catalyst  poisoning  it.  This 
circumstance  id  dramatized  by  the  fact  that  the  oxidation 
catalysts  are  usually  good  dehydration  catalysts  (21 . 

From  literature  data  13]  follows  that  the  poisoning 
process  is  reversible  and  at  the  constant  temperature  the 
catalyst  activeness  reduces  tending  to  some  constant  value 
for  the  given  temperature.  At  the  temperature  decrease 
olifinc  sorption  increases  and  the  catalyst  activcncss 
decreases.  These  regularities  were  obtained  under 
thermostatted  oxidation.  In  out  conditions  the  heat 
source  opet'ates  autothcrmally  so  the  catalyst  partial 
poisoning  results  in  temperature  decrease  that  in  its  turn 
leads  to  the  poisoning  amplification  and  so  on. 

Thus,  with  olefines  appearance  the  catalyst  quick 
interruption  of  work  is  to  be  expected,  however  this  docs 
not  occur  in  practical  situations.  The  temperature 
decrease  is  suppressed  by  the  combustion  zone  movement 
deep  into  the  layer  that  simultaneously  decreases  olefines 
output. 

Nevertheless,  at  the  catalyst  long  operation  it 
continuously  loses  its  activcncss  and  this  results  in 
temperature  decrease.  It  is  probable  that  the  cause  of 
activity  decrease  is  not  only  olefines  adsorption  but 
irreversible  changes  in  the  catalyst  structure  itself. 

We  developed  the  conditions  for  olcfirtc  continued 
formatior)  during  the  process  of  the  oxidation  catalyst 


prolong  service  tests.  The  burner  initial  temperature  was 
500  ®C,  the  final  icmpcralirre  when  its  operation  was 
discontinued  was  less  tharr  200  “C.  The  burning  process 
was  mote  that  700  hour's.  The  temperature  was  gradually 
decreased,  combustible  gas  conver^rion  state  was  dropped 
but  burning  stability  did  not  dist'uptcd.  It  is  hardly  can  be 
explained  only  by  the  combustion  zone  movement.  It  is 
likely  that  the  burner  has  other  mechanisms  of  burning 
stabilization. 

In  theory  this  phenomenon  of  simultaneous 
temperature  dect'casc  and  its  stability  conditions 
preservation  may  be  conceived  on  the  following  basis. 
Temperature  decrease  due  to  rcvcr'siblc  poisoning  by 
olefines  results  in  change  of  reaction  zone  from  a 
diffusion  to  a  kinetic  one.  Its  speed  dependence  (and 
consequently  heat  release)  on  temperature  is  represented 
by  ^-shaped  curve  (Fig.4).  The  top  bend  of  this  curve  is 
caused  by  maximum  conversion  degree  th;it  is  achievable 
at  the  given  catalyst  activcncss  and  temperature  As  on 
the  reaction  progress  the  progressive  catalyst  activcncss 
decrease  takes  place  it  is  represented  in  fig.  by  three 
curves  of  heat  irrput  +Qi>  ^Q2  ^  ^Qj-  Points  at  the 
intcrscctiorr  of  these  curves  with  heat  consumption  line  - 
Q  show  the  region  where  temperature  stability  condition 
is  preserved,  triangles  show  the  region  where  that 
condition  docs  not  preserved. 


Fig.4.  Regions  of  the  gas  oxidation  process  stability  at 
cataiy.st  activeness  change  from  +Qi  to  . 


It  is  not  difficult  to  see  that  in  a  spcci.ic 
temperature  mngc  its  decrease  docs  not  cause  to  stability 
condition  violatiorr.  Only  when  this  decrease  passes  the 
intersection  point  with  curve  the  system  corric  out  of 
the  stability  zone  artd  the  burner  stops  its  operation.  This 
is  the  scheme  of  these  phctrorncna  thougli  their 
mechanism  is  not  yet  throughout  cleat'. 
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MULTICHTyVNEL  THERMOELECTRIC  FLAME  DETECTOR. 

Razinkov  V.V.,  Gritsai  V.V.,  Opyr  L.A.,  Gromko  E.D. 

Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 


Spectral  sensitivity  of  thennoelectric  radiation 
detectors  is  dictated  by  optical  characteristics  of  input 
window.  Tlierefore,  it  is  possible  to  use  various  optical 
filters  for  the  analyses  of  radiation  sources  according  to 
spectral  composition.  In  view  of  high  performance 
characteristics  obtained  recently  [1-2],  the  thin-film 
thermoelectric  detectors  have  become  most  preferable  to 
be  used  in  conservative  devices:  spectrophotometers, 
radiometers,  pyrometers,  as  well  as  in  new  developments, 
specifically,  in  flame  detectors. 

The  characteristic  property  of  a  flame  detector  lies 
in  its  false  operation  protection.  It  is  obtained  due  to  the 
analysis  of  two  typical  sections  of  hydrocarbon 
combustion  spectrum. 

The  hydrocarbon  combustion  spectmm  is  shown  in 

Fig.l. 

Fig.  1.  Radiation  spectrum  of  hydrocarbon  combustion  flame. 


The  interference  filters  help  to  single  out  spectrum 
sections  of  2. 2-2. 8  and  4—5  mcm.  Signal  processing  is 
realized  according  to  block-diagram  in  Fig.2. 


Fig.2  .1  -  interference  filter  with  the  transmission  area  of 
2.2-  2.8  mcm;  2  -  interference  filter  with  the  transmission 
area  of  4  -5  mcm;  Aj  -  A2  -  thermoelectric  detectors, 

Yj  -  Y2  -  amplifiers,  K  -  comparator 


Tlie  energy  rebased  in  the  combustion  of 
hydrocarbons  in  the  above  two  characteristic  ranges 
comes  through  the  interference  filters  1  and  2  to  the 
thermoelectric  detectors.  When  amplified  by  the 
amplifiers  Ai  and  A2,  the  energy  signals  from  the 
detectors  come  to  the  comparator  which  compares  the 
signals.  It  should  be  noted  that  signal  ratio  in  two 
channels  for  various  kinds  of  fuel  (  benzene,  kerosene, 
etc.  )  is  different.  According  to  the  problem  being  solved, 
the  detector  can  be  designed  for  combustion  of  any  type 
of  hydrocarbon  or  specific  fuel  type.  Tire  detector  can  be 
used  as  a  fire  alarm  which  optimally  corresponds  to  the 
modern  concept  of  fire  protectiorr,  providirrg  high 
resolution  when  finding  the  place  of  combustion  and  low 
probability  of  false  operation.  Tlie  fire  alarm  is  installed  in 
a  strong  metal  casing  1  (Fig. 3). 

Fig.  3. 


Specially  designed  high  -  sensitive,  high  -  speed 
film  thermoelectric  detectors  (2)  have  been  used  as  the 
sensors  of  IR-  radiation.  The  interference  filters  3  serve  as 
the  input  windows  of  detectors.  The  electr  ical  scheme  of 
signal  processing  is  mounted  on  a  two  -  sided  board  4. 

Specifications  of  the  fire  alarm: 

1)  Minimum  area  of  open  flame,  providing  reliable 
operation  of  the  alarm  at  the  distance  of  10  m  -  0.2m3  . 

2)  Time  of  generation  of  command  signal  about 
the  existence  of  combustion  since  the  moment  of  the 
flame  coming  to  the  detecting  elements  of  the  alarm-  10 
ms. 

3)  Field  of  view  angl  -  120°C,  not  less, 

4)  Power  requirement  -  0.01  W. 

5)  The  device  preserves  its  serviccabolity  at  the 
ambient  temperature  from  -60°C  to  +60°C,  relative 
humidity  to  80%  AT  25'’C  +  10°C,  acoustic  noises  to 
120dB, 
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Optimum  Design  of  a  Thermoelectric  Generating  Module 
for  Use  of  a  Waste  Heat  Thermoelectric  Generator 

1  0  a  T  ^ 

A.T«uyoshi  .  S.Kagawa",  I.Endo',  M.Hind",  K.Matsuura 

*  Kobe  City  College  of  Teehnology,  JAPAN 
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A  thermoelectric  module  cost  should  be  reduced  so  that  a  waste  heat  thermoelectric  generator  can  compete  in  generating  cost  with  conventional 
method.  Because  the  modules  will  be  the  most  costly  item  in  any  large  scale  generating  system.  The  currently  cost  of  a  thermoelectric  module 
used  in  the  300  K  -  500  K  range  may  be  $i0  per  IW(e).  In  the  case  when  a  generator  will  be  continually  operated  for  10  years,  a  module  cost  is  1 1 
cents  per  kWh.  Thus  generating  cost  by  thermoelectric  generator  is  higher  than  the  price  of  electricity  generated  by  conventional  method.  At  least 
a  module  cost  should  be  reduced  to  around  ,$1  per  W(e).  One  of  the  way  to  feduce  a  module  cost  is  an  improvement  of  a  module  construction.  In 
this  paper  the  optimum  design  of  a  thermoelectric  generating  module  for  use  in  a  commercially  available  thermoelectric  generator  was  discussed. 


1.  Introduction 

As  a  conceptual  design  of  a  large  scale 
t.e.(thermoelectric)  generator  OTEC(Ocean  Thermal 
Energy  Conversion)*",  generating  system  using  waste 
heat  of  a  fuel  cell  plant'^’  and  generating  system 
utilizing  heat  of  combustible  solid  waste'"  were 
investigated  in  Japan.  But  a  t.e.  generating  module 
which  is  the  most  costly  item  in  a  t.e.  generator  is  not 
produced  in  Japan.  Concerning  to  a  world  market  a 
t.e.  generating  module  is  produced  mainly  for  a  use 
of  a  special  application,  like  a  generator  in  a  space 
probe  or  a  generator  used  in  an  isolated  district.  Thus 
the  price  of  a  t.e.  generating  module  is  guessed  to  be 
very  high  as  well  as  t.e.  generating  system.  But  if  the 
price  of  a  t.e.  generating  module  becomes  lower  and 
waste  heat  is  employed  as  a  heat  source  there  is  a 
possibility  that  a  t.e.  generation  is  applied  for 
commercial  electricity  generation.  This  paper  analyzed 
dependency  of  dimensions  of  a  t.e.  generating 
module  on  performance  and  economics  of  electricity 
generation  by  use  of  waste  heat. 

At  first  relation  between  dimensions  of  a  t.e.  element 
and  property  of  a  t.e.  generator  was  studied. 
Influence  of  thickness  and  cross  section  area  of  an 
element  on  generating  performance  was  investigated. 

In  the  second  place  an  influence  of  a  layer  of  a 
insulator  on  generating  performance  was  investigated. 
An  electrode  of  which  surface  is  insulator  formed  by 
FGM  (Functionally  Gradient  Material)  is  proposed. 

Finally  a  shape  of  an  electrode  and  a  t.e.  element 
was  discussed.  Relation  of  length  of  an  electrode 
along  current  direction  and  a  Joule  loss  in  an  electrode 
was  calculated.  In  this  paper  an  electrode  which  has 
gradually  changed  thickness  is  proposed  to  reduce 
Joule  loss  in  an  electrode. 


2.  Relation  between  a  dimension  of  a  t.e. 
element  and  property  of  a  t.e.  generator 
<2.1>Measurement  of  a  contact  thermal  resistance 
To  investigate  contact  thermal  resistance  an 
experimental  t.e.  generator  was  prepai'ed  as  shown 
Fig.2-1. 


Ammeter  Load 


Fig.2-1  Experimental  t.e.  generator 


In  the  generator  HiZ  13.5W  module  which  has  48 
couples  of  elements  and  53mm*53mm  cross  sectional 
area  was  employed.  Aluminum  nitride  of  which 
electrical  resistivity  is  10  ‘'[G  m]  was  used  as  an 
insulator.  Temperatures  at  surface  of  the  heater  and 
surface  of  the  cooling  block  were  measured  as  well  as 
thermal  voltage.  The.se  measured  values  gave  the  total 
contact  thermal  resistance  shown  in  Fig. 2-2.  If  the 
contact  thermal  resistances  in  4  contact  layer  are  equal 
each  contact  thermal  resistance  is  0.095 [KTW].  This 
value  is  equivalent  to  2.7  X  10'"'[m^KAV]. 
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Heater 


block 

Fig.2-2  Experimental  t.e.  generator 


TemperaturetdegC] 

Fig.2-4  Optimum  thickness  of  t.e.  elements  and 
electrical  output  as  a  function  of  a  temperature  at 
the  surface  of  a  heater(Temperature  at  the  surface 
of  the  cooling  block  is  assumed  to  be  50°C). 


<2.2>Influence  of  thickness  of  a  t.e.  element 
Figure2-3  shows  electrical  output  calculated  as  a 
function  of  thickness  of  a  t.e.  element  in  the  condition 
expressed  in  Tablel.  As  a  result  electricH  output  i.s 
maximized  at  thickness  of  2-3mm,  which  is  optimr  ,  .; 
thickness. 


Table  1.  Condition  of  calculation  shown  Fig.2-3. 


Temperature  on  the  surface  of  heater 

175t: 

Temperature  on  the  surface  of  cooling  block 

50°C 

Thermoelectric  module 

HiZ13.5W 

Total  contact  thermal  resistance 

0.38KAV 

Fig.2-3  Electrical  output  as  a  function  of 
thickness  of  a  t.e.  element 

Figure2-4  shows  optimum  thickness  of  a  t.e.  element 
and  electrical  output  as  a  function  of  temperature  at 
the  surface  of  a  heater. 


3.  Insulator  of  a  generating  module 
<3.1>Construction  of  generating  module 
A  typical  t.e.  module, which  consists  of  p  and  n  type 
of  t.e.  elements,  electrodes  and  insulators,  is  attached 
to  heat  source  and  cooling  block  as  shown  in 
Fig.3-l(a).  In  this  case  a  contact  thermal  resistance 
contains  4  layers  of  contact  thermal  resistances  which 
should  not  be  negligible. 


Heat  source 


Heat  transfer  grease 


Cooling  block 


(a)  Normal  electrode 


Electrically  insulated 
layer  ~ _ _ 


Electrode 


Eleroically  insulated 

U.vsr 


I 


Heat  source 


Element  ,Heat  transfer  grease 


I 


Cooling  block 


(b)  FGM  insulated  electrode 

Fig. 3-1  Model  of  a  t.e.  module. 


In  this  paper  it  is  proposed  that  the  surface  of  an 
electrode  is  treated  to  form  electrically  insulated  layer 
as  shown  Fig.3-l(b).  As  contact  layer  no  longer  exist 
between  a  t.e.  element  and  an  insulator,  a  contact 
thermal  resistance  can  be  reduced.  This  layer  which 
has  been  treated  by  Ionized  Beam  is  structured  as 
FGM.  FGM  is  a  concept  of  material  which  has 
gradually  changed  structure.  By  using  FGM  a 


generator  can  resist  repetitive  stress. 

But  a  FGM  insulator  layer  is  not  perfect  insulator. 
Thus  small  leak  current  flows  through  FGM  insulator 
layer  and  causes  loss  of  electricity  generation. 

<3.2>Comparison  of  a  normal  insulator  with  FGM 

FGM  insulator  has  the  advantage  of  reduction  of 
contact  thermal  resistance.  In  Fig. 3-2  FGM  insulator 
is  compared  with  a  normal  insulator  on  the  viewpoint 
of  electrical  output  and  optimum  thickness  of  t.e. 
element. 


Fig. 3-2  Electrical  output  and  optimum  thickness  of 
a  t.e.  element  as  a  function  of  a  temperature  of  a 
heater, 

4.  A  shape  of  electrodes  and  t.e.  element 
Figure4-1  shows  a  calculation  model  of  a  t.e.  clement 
and  electrodes  on  both  sides.  Current  density  in  a 
electrode  is  big  near  the  connection  to  the  next 
element.  When  thickness  of  a  t.e.  element  is  quite 
small  current  is  so  big  that  Joule  loss  in  electrodes 
should  not  be  negligible. 


<4.  l>Thickness  of  t.e.  elements  and  electrodes. 

To  investigate  Joule  loss  in  electrodes  an  equivalent 
circuit  of  t.e.  element  and  electrodes  shown  in 
Fig. 4-2  is  used.  Figure4-3  shows  generator 
performance  considered  Joule  loss  as  a  function  of  a 
thickness  of  t.e.  elements  D[mm]  and  a  thickness  of 
electrodes  d|mm]. 


Fig.4-2  Equivalent  circuit  of  a  t.e.  element  and 
electrodes 


D=,tirini/d=4nitii 
D=,tmm/(J=I  mm 
D=2mm/cl=4miii 
D=2mm/d=l  mm 
D=l  iTim/d=4mni 
D=l  mm/d=l  mm 


Fig.4-1  A  calculation  model  of  a  t.e.  element  and 
electrodes. 


Fig. 4-3  Generator  performance  as  a  function  of 
dimensions  of  a  t.e.  clement  and  electrodes. 

<4.2>Improved  electrode 

To  reduce  Joule  loss  an  improved  electrode  shown  as 
Fig.4-4  was  proposed.  The  improved  electrode  has  a 
wedge-shape  so  that  current  density  in  electrodes  is 
imparticial.  Figure4-5  shows  an  equivalent  circuits  of 
t.e.  material  and  improved  electrodes.  Figure4-6 
shows  a  comparison  of  improved  electrodes  with 
normal  electrodes  on  the  view  point  of  generating 
performance  in  variation  of  dimensions  of  a  t.e. 
element  and  electrodes. 
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5.  Conclusions 

To  optimize  t.c.  module  thickness  of  an  element 
should  be  decided  considering  a  contact  thcnnal 
resistance.  In  this  paper  contact  thermal  resistance 
was  estimated  by  using  experimental  l.e.  generator. 
Concluding  remarks  arc  summarized  as  follows. 

I  .When  normal  insulators  are  employed  optimum 
thickness  is  about  2mm  to  3mm. 

2.  When  FGM  insulator  is  employed,  optimum 
thickness  of  a  t.c.  clement  is  estimated  to  be  1mm 
to  1.5mm  and  it  is  expected  that  generating 
performance  will  be  improved. 

3.  As  temperature  at  the  hot  side  becomes  higher,  a 
decreasing  tendency  of  optimum  thickness  of  a  t.e. 
element  is  seen. 

4.  When  a  t.e.  element  which  has  big  cross  .sectional 
area  is  employed,  improved  electrodes  is  effective 
to  reduce  Joule  loss. 

I'lcclrodc 


Idcelrodc 


Fig.4-4  Improved  electrode. 
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Hydrogen  gas  can  readily  be  produced  by  tlie  electrolysis  of  water  and  the  low  voltage,  high  d.c.  current 
output  of  a  thermoelectric  generator  provides  an  ideal  source  of  electric  power.  These  considerations 
have  resulted  in  the  construction  of  a  prototype  laboratory  scale  solid  polymer  electrolyte  (SPE) 
electrolysis  plant  combined  with  a  150  W(e)  thermoelectric  generator  powered  by  low  grade  waste  heat. 
The  system  is  currently  being  evaluated  and  preliminary  results  are  reported  in  this  paper. 


Abstract 

Hydrogen  gas  is  a  good  future  clean  fuel  candidate.  It  can 
readily  be  produced  by  the  electrolysis  of  water,  and  the  low 
voltage,  high  d,c.  current  output  of  a  thermoelectric  generator 
provides  an  ideal  source  of  electric  power.  It  is  estimated  that 
in  an  advanced  electrolysis  process  employing  a  solid  polymer 
electrolyte  (SPE),  an  electrolysis  efficiency  of  90%  would  be 
obtained  at  a  current  density  of  I  A/cm^.  This  current  density  is 
five  times  higher  than  present  commercial  electrolysis  processes 
using  aqueous  electrolytes.  These  considerations  have  resulted 
in  the  construction  of  a  prototype  laboratory  .scale  SPE 
electrolysis  plant  combined  with  150W(e)  thermoelectric 
generator  powered  by  low  grade  "waste”  heat.  The  total  system 
is  currently  being  evaluated  and  preliminary  results  are  reported 
in  this  paper.  The  research  collaboration  between  the 
Department  of  Electrical  Engineering,  Osaka  University  and  the 
School  of  Engineering,  University  of  Wales,  Cardiff,  is  being 
supported  by  the  British  Council  via  a  LINK  programme. 

1.  Introduction 

A  considerable  stimulus  to  research  into  the  utilisation  of 
electrical  power  produced  by  the  thermoelectric  conversion  of 
low-grade  heat  is  being  afforded  by  the  need  for  energy  saving 
and  environmentally  friendly  energy  resources.  Hydrogen  is  a 
good  future  clean  fuel  candidate  which  is  produced  by 
electrolysis  using  low  voltages  and  high  currents.  This  power 
requirement  is  readily  met  by  the  output  of  a  thermoelectric 
generator.  The  .system  is  relatively  simple  and  will  make  a 
useful  contribution  to  the  energy  saving  programme. 

Large  scale  commercial  electrolysis  processes  which  employ 
aqueous  electrolytes,  operate  at  an  average  temperature  of 
8()°C,  and  the  corresponding  cell  voltage  and  current  density 
are  1.8-2. 1  V  and  0.2  A/cm^  respectively.  Hydrogen  gas  is 
produced  at  a  rate  of  about  INin^/4.8kWh.  As  an  example,  a 
10  MW(e)  plant  for  the  electrolysis  of  water  (2.5-30%  KOH 
solution)  can  produce  hydrogen  gas  at  the  rate  of  2000  Nm/h. 
The  process  has  the  efficiency  of  60-70%.  In  the  advanced 
speO)  process,  the  cell  voltage  is  expected  to  be  1 .65  V  at 
90°C  and  an  efficiency  of  70-90%  achieved  at  a  current  density 
of  lA/cm^  which  is  5  times  larger  than  that  of  a  commercial 
process  using  aqueous  electrolytes.  Thus,  in  the  advanced 
process,  the  low  voltage,  high  d.c.  current  electric  power 
produced  by  thermoelectric  generation  using  low-grade  heal 


will  be  u.sed  more  effectively  in  the  production  of  hydrogen 
gas.  The  hydrogen  produced  can  be  transported  in  the  form  of 
MHp  (ex  LaNi^^H^,,  CaNi5H4  etc.)  which  has  a  hydrogen 
density  about  lOOOtime.s  that  of  hydrogen  gas  at  normal  pressure 
and  temperature. 

It  has  already  been  successfully  demonstrated  that  electricity 
can  be  thcrmoelectrically  generated  using  low  grade  waste  heat 
as  a  fuel.  The  use  of  this  source  of  electrical  power  to  protiuce 
hydrogen,  in  an  easily  transportable  form,  is  a  very 
environmentally  friendly  future  energy  resource.  These 
considerations  lead  to  the  programme  of  research  embodied  in 
this  paper. 

2.  Proposed  System 

In  the  advanced  process  which  employs  a  solid  polymer 
electrolyte  (SPE)  in  the  electrolysis  of  water  as  indicated  in 
figure  1  ,  the  cell  voltage  at  the  surface  of  electrode  decrea.scs 
with  increasing  temperature  at  a  certain  current  density.  This 
desirable  behaviour  is  introduced  into  the  proposed  system 
displayed  in  figure  2.  The  generated  hydrogen  gas  is  absorbed 
into  hydrogen  absorbing  alloys  .such  asCaNi^,  LaNi^  and 
TiFe,  and  at  the  same  time  the  heat,  Q,  is  generated  by  the 
following  reaction. 

M+(n/2)H2^MHn+Q  (I) 

where  M  denotes  a  hydrogen-absorbing  alloy.  The  generated 
heat,  Q,  (20-70  kJ/mol)  is  positively  fed  back  to  the  SPE 
cell  whose  temperature  increases  and  is  accompanied  by  an 
increase  in  the  electrolysis  efficiency. 

The  conversion  efficiency  from  electricity  to  hydrogen  energy 
is  estimate  with  reference  to  figure  3  as  follows.  In  the  system 
Pj  is  defined  as  the  electric  power  output  of  the  thermoelectric 
generator,  P(2  the  required  power  for  operating  the  compressor 
connected  to  the  hydrogen  absorbing  alloy  reaction  vessel,  N, 
the  generation  rate  of  hydrogen  gas  and  Qjyj  the  reaction  heat  of 
the  hydrogen  absorbing  ally  per  mol  of  H2.  Then  N  is  given  by 

N  =  (P'p-Pc)/(2VcF)  (2) 
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where  and  f<  arc  cell  voliagc  and  lairaday  constant 
dJ(vlX5.3|C|),  respectively.  At  the  linal  stajte,  when  generated 
hydrogen  gtis  is  used,  r|y  the  conversion  ef'ticiency  front 
electricity  to  hydrogen  energy  is  expressed  by 

11,  =  (nah-nOm)/p-,-  =  (  i-Qm^hui,  O) 

where  AH  is  the  chemical  energy  of  Into  I  of  HtIJ/iiioI  |  and  1],. 
is  the  conversion  efficiency  from  electricity  to  hydrogen  g:is 
storage  in  hydrogen  absorbing  alloy. 


DC  Source 

-M'h- 


Cathodc;  Anode; 


Current  Feeder  H  2  0 


1  ig.  1  I'lcclrolvsis  itt'w'titcr  usig  solid  polymer  electrolyte. 


loop  ot  reticlioii  hetit  powered  by  thermoelectric 
genenitor. 


Considering  a  situation  when  Pj  =  i()kW(e),  current  density  in 
the  SPEi  cell  is  I  A/cm^,  compression  ratio  of  hydrogen  gas  at 
the  compressor  is  10,  pure  water  flow  rate  in  the  SPE  cell  at  90' 
C  is  .1.6  l/min,  and  heat  exchange  rate  at  the  hydrogen  absorbing 
alloy  reaction  chamber  is  80%,  Tl,  and  rj,.  are  estimated  to  be 
79%  and  89%  respectively.  !n  the  above  estimation  the 
following  reaction  is  applied  to  hydrogen. 

CaNi5  +  2H2  ^CaNi5H4  +  671kJ/mol.H2l 

If  the  generated  heat  Q(=67|kj/mol.H2l  is  not  fed  back  to  the 
SPE  cell  Tl,  and  ri,.  are  66%  and  15%  respectively.  The  salient 
points  of  the  above  discussion  are  summarised  in  Table  1 , 


Low-Grade  Heat 


Id'g.  .8  Energy  flow  diagrtim  of  the  proposed  system  for 
SPE  Witter  electrolysis. 

Table  1  Design  specification  of  10  kW(c)  thermoelectric 

gencrator-SPE  cell  hydrogen  gas  generating  procc.ss 


System  specifications 

Thermoelectric  generator  10  kW(c) 

Compressor  power  255  W(c) 

Hydrogen  absorbing  alloy  CaNij 

Total  area  of  SPE  0.6  rn' 

Hydrogen  gas  generation  rate  2.5  Nm'/h 

Hciit  c.xchiinge  rate  at  reaction  vessel  80  % 

Conversion  efficiency  79  % 

Operating  conditions 

Electrolysis  temperature  90  °c 

Current  density  in  SPE  1  A/cm' 

Total  current  through  SPE  6  kA 

SPE  cell  voltage  1.65  V 

Feed  water  rate  in  SPE  3.6  l/min. 

Compression  ratio  of  hydrogen  gas  10 
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3.  Prototype  Plant 

A  laboratory  scale  prototype  thermoelectric  generator  combined 
with  an  advanced  process  for  SPE  and  u  hydrogen  absorbing 
alloy  reaction  chamber  for  returning  its  reaction  heat  to  the  SPE 
cell  (positive  heat  feedback)  has  been  designed  and  constructed 
as  Osaka  University.  The  plant  lay-out  of  the  prototype  system 
capable  of  producing  hydrogen  gas  at  a  rate  of  0.02  Nm^i  is 
shown  in  figure  4  ,  The  electric  power  required  for  the 
electrolysis  of  water  is  supplied  by  a  150  W(e)  thermoelectric 
generator  (2).  In  the  generator  an  array  of  20  thermoelectric 
modules  is  located  between  the  hot  and  cold  heat  transfer  tubes. 
Each  heat  transfer  tube  is  1.5  m  in  length  and  of  rectangular 


Fig.  4  Plant  diagram  of  prototype  proccs.s  for  TEG/SPE 
water  electrolysis  installed  at  Osaka  University. 


cross-section  (80  mm  x  40  mm).  The  thermoelectric  modules 
(Melcor,  CP5-31-10L  used  in  two  units  of  the  generator  and 
CP5-31-6L  for  the  other  two  units)  each  consist  of  31  couples 
based  on  bismuth  telluride,  solid  state  cooling  technology.  One 
unit  of  the  generator  is  composed  of  4  heat  transfer  tubes  with 
thel50W(e)  generator  consisting  of  4  units  in  total. 

The  SPE  cell  is  constructed  as  shown  in  figure  5.  Tlie  cell 
consists  of  a  thin  film  of  Nafion'' 117  (0.2  mm  in  thickness 


and  80mm  in  diameter)  with  platinum  plated  electrode  having  a 
surface  of  50cm^.  It  can  be  operated  at  a  maximum  temperature 
of  90"C  with  a  maximum  current  of  50  A  and  under  hydrogen 
gas  at  a  pressure  in  the  range  0-3  kgf/cm^G.  The  hydrogen 
reaction  vessel  contains  320  gram  of  hydrogen  absorbing  alloy 
(LaNiq  5AI()  5).  The  heat  generated  by  the  reaction  between 
the  hydrogen  and  the  hydrogen  absorbing  alloy  (Eq.l)  is  9.3 
kcal/mol .H2.  The  inner  construction  is  illustrated  in  figure  6. 
The  reaction  ves,sel  is  connected  to  a  .static  thermal  compressor 
in  which  hydrogen  gas  is  pressurised  up  to  16  kg/cm^  (ab.s.)  by 
heating  LaNi4  7g  Alp  92  uHoy  at  75'-X’. 

'file  prototype  system  shown  in  figured  incorporates  a  pure 
water  (ion  exchange)  generating  plant.  The  electrical  rcsistivily 
of  the  generated  pure  water  is  more  than  5»10^nem.  The  pure 
water  is  fed  to  the  SPE  cell  at  a  flow  rate  of  30  cm-^/min  and  is 
electrolysed  in  the  cell  by  the  following  reactions. 


Packing 


Fig.  5  Construction  of  SPE  cell. 


Temperature  Scn,scr 


Fig.  6  Hydrogen/hydrogen  absorbing  alloy  reaction 
vc.ssel. 


Cell  Voltage 
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At  anode:  H2O  — >  ( 1/2)02  2H'*'+2e 

At  cathode:  2H'''  +2e  — >  H2 

The  generated  hydrogen  gas  in  the  SPE  cell  contains  moisture 
and  is  dried  through  the  gas/liquid  separator  and  the  moisture 
removing  chamber.  Finally,  high  purity  hydrogen  gas 
(99.99%)  is  obtained. 

The  total  project  concept  is  of  a  mobile,  easily  transportable 
system  and  a  parallel  programme  of  research, to  the  use  of  a  solid 
polymer  electrolyte  in  the  production  of  hydrogen  electrolysis 
of  water,  is  being  undertaken  to  increase  the  conversion 
efficiency  of  the  thermoelectric  generator  and  increase  its 
specific  power  (electrical  power  to  mass  ratio).  Improved  water 
flow  channels  with  more  effective  heat-to-module  tran.sfei 
characteristics  have  been  designed  and  are  being  evaluated. 
Modules  currently  employed  in  the  l50W(e)  thermoelectric 
generator  housed  at  Osaka  University  are  designed  specifically 
for  Peltier  applications  and  modifications  in  both  the  geometry 
of  construction  and  thermoelement  material  composition  are 
being  made  to  meet  thermoelectric  generation  requirements. 

4.  Results  and  Discussions 

The  temperature  dependence  of  the  SPE  cell  voltage  was 
measured  as  a  function  of  current  density.  The  results  are  shown 
in  figure  7  together  with  the  behaviour  of  an  advanced  SPE  cell 
as  a  reference.  The  SPE  cell  employed  in  the  prototype  system 
(platinum  as  anode  and  cathode)  is  commercially  available  for 
high  temperature  use  and  its  cell  voltage  is  larger  than  the  cell 
voltage  of  the  advanced  SPE  cell  (P-Ir  as  anode  and  Pt  as 
cathode).  If  the  advanced  SPE  cell  were  adopted,  the  cell 
voltage  will  decrease  to  1 .65  V  under  the  current  density  of  I 
A/cm2  and  temperature  at  90‘’C(*).  However,  in  both  cases  it  is 
found  that  the  cell  voltage  decreases  with  increasing 
temperature  -  this  was  as  expected. 


0  0.2  0.4  0.6  0.8  1 


Current  Density  [A/cm^] 

Fig.  7  Cell  voltage-current  density  relations  with 
temperature. 


In  figure  8  is  shown  one  example  of  operating  point.  Tlie 
operating  point  is  determined  by  the  point  where  the  voltage  vs 
current  curve  of  the  thermoelectric  generator  and  the  SPE  cell 
voltage  vs  current  curve  intersects.  As  is  apparent  from  the 
figure,  the  former  has  a  large  negative  slope  and  the  latter  a 
slight  positive  slope.  Tliis  makes  the  operating  point  very  stable. 

The  performance  of  the  heat  exchangers  in  the  hydrogen/hydrogen 
absorbing  alloy  reaction  vessel  was  investigated.  One  of  the 
experimental  results  is  shown  in  figure  9  in  which  the 
variations  of  feed  water  temperature  at  the  entrance  and  the  exit 
of  the  reaction  vessel,  and  of  hydrogen  absorbing  alloy  are 
plotted  under  the  conditions  of  the  feed  water  flow  rate  of  30 
cm^/min  and  the  feed  hydrogen  gas  flow  rate  of  2  Nl/min.  It  is 


Current  [A] 


Fig.  8  One  example  of  operating  point  in  the  prototype 
system. 


Fig.  9  Heat  exchange  performance  in  the  hydrogen 
/hydrogen  absorbing  alloy  reaction  vessel. 
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found  from  the  figure  that  temperature  of  the  feed  water 
increased  about  20‘''C.  This  figure  corresponds  to  heat 
exchange  rate  of  75.2%  with  the  rcrnaining  24. S%  heat  being 
dissipated  through  thermal  conduction  m  tiie  piping  systems. 
When  this  system  was  designed  as  explained  in  Chapter  2,  it 
was  assumed  that  the  heat  exchange  rate  would  be  80%.  The 
actually  observed  value  is  73.2%  as  mentioned  above  and  it  is 
slightly  les.s  than  the  target  value.  A  small  improvement  in  the 
design  of  the  reaction  vessel  will  solve  the  problem.  The 
hydrogen  gas  generation  rate  observed  in  the  prototype  system 
was  0.02  Nm^/h  at  an  electrolysis  current  efficiency  of  93%. 
operating  temperature  of  90°C  and  at  the  cell  current  density  of 
lA/cm^  which  is  5  times  as  large  as  that  of  the  commercial 
process  for  aqueous  electrolytes.  The  increa.se  in  the 
conversion  efficiency  of  12%  was  due  to  the  effect  of  positive 
feed  back  of  the  reaction  heat  under  the  operational  conditions 
mentioned  above. 

Improvements  in  performance  of  the  thermoelectric  generator 
result  from  a  number  of  modifications.  In  addition  to  channel 
water  flow  characteristics,  heat  transfer  from  the  warm  water  to 
the  modules  depends  upon  channel/module  interface  material 
and  channel  section  design.  Significant  improvements  in  heat 
transfer  have  been  achieved  using  a  copper  channel/module 
interface  plate  along  whose  length  has  been  attached  off-set 
copper  fins.  Optimisation  of  thermoelement  geometry  for 
power  generation  has  been  reported  previously  (3). 
Implementation  of  the  recommendations  at  the  module 
manufacturing  stage  coupled  with  a  decrease  in  the  inler- 
eleinent  spacing  will  result  in  a  significant  improvement  in 
module  power  output  per  unit  area.  Materials  employed  in 
Peltier  devices  are  based  on  bismuth  teiluride  technology  with 
the  alloy  composition  and  doping  level  cho.sen  to  optimise  the 
materials'  figure  of  merit  at  or  below  room  temperature. 
Optimisation  of  the  materials  transport  properties  for  operation 
at  an  average  temperature  of  50°C  will  result  in  an  increase  in 
conversion  efficiency  of  more  than  5  %.  Preliminary 
theoretical  analysis  combined  with  experimental  results  indicate 
that  a  combination  of  the  modifications  discussed  above  will 
result  in  a  doubling  of  the  present  thermoelectric  generator's 
specific  power. 

5.  Conduslons 

A  thermoelectric  generator  powered  by  lov;  temperature 
"waste"  heat  provided  the  required  low  voltage,  high  current 
power  source  for  a  SPE  electrolysis  cell.  Hydrogen  gas 
produced  during  the  electrolysis  was  absorbed  in  hydrogen 
absorbing  alloy'  and  the  reaction  heat  positively  fed  back  to  the 
SPE  cell  in  order  to  increa.se  the  conversion  efficiency. 
Through  the  operation  of  the  prototype  system  it  was  observed 
that  the  hydrogen  generating  conversion  efficiency  increased  by 
12%  due  to  the  effect  of  the  positive,  feed  back  of  the  reaction 
heat  and  the  system  operates  stabily.  Significant  progress  has 
also  been  made  towards  increasing  the  power  density  of  the 
thermoelectric  generator.  Modifications  to  the  water-flow 
channels  coupled  with  improvements  in  thermoelement  design 
and  optimisation  of  the  thermoelement  alloys  will  result  in  a 


doubling  of  the  specific  power.  In  conclusion,  the  work 
described  in  this  paper  is  a  small  step  forward  in  the 
development  of  an  environmentally  friendly  hydrogen  energy 
system. 
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This  report  treats  the  results  of  developing  the  injection-type  catalytic  thermoelectric  generators  (CATEG)  operated  with 
natural  gas  or  propane-buthane  mixtures.  Technical  data  are  presented  for  the  CATEG  prototypes  developed  to  operate  within 
a  15-90  W  electric  power  range. 


A  wide  class  of  equipment  used  by  consumers  of  electric 
power  is  impossible  or  economically  inefficient  to  energize  di¬ 
rectly  by  laying  power  lines  to  the  equipment  operation  sites. 
This  type  of  equipment  is  energized  from  an  autonomous  power 
supply,  namely,  electric  cell  battery,  electrochemical  generator, 
Diesel-operated  generator,  wind-electric  plant,  thermoelectric 
generator,  etc.  The  merits  and  demerits  of  these  units  define 
the  applicability  scope  of  each  of  the  power  sources. 

The  injection-type  catalytic  thermoelectric  generators 
(CATEGs)  operated  with  natural  gas  or  propane-buthane  mix¬ 
tures  are  particularly  distinguished  among  the  above  devices. 

CATEGs  belong  to  the  class  of  autonomous  power  sources 
that  can  long  serve  without  maintenance  in  remote  and 
difhcult-to- reach  regions  with  severe  climate.  The  sources  can 
well  be  put  into  operation  without  capital  investments  and 
without  employing  any  skilled  workers. 

CATEG  is  a  novel  produce  in  Russia,  while  the  like  gener¬ 
ators  of  Telan  and  Decap  types  have  extensively  been  used  in 
other  countries  since  the  early  seventieths.  The  Telan  genera¬ 
tors  are  manufactured  by  Teledyne  Energy  Systems  Co.  (USA) 
which  is  the  world’s  leading  producer  thereof  and  have  incor¬ 
porated  its  daughter  companies  all  over  the  globe  [1]. 

As  distinguished  from  other  types  of  organic  fuel-operated 
thermoelectric  generators,  CATEG  generates  heat  by  oxidizing 
a  fuel  on  catalyst  surface  in  a  sealed  catalytic  chamber,  rather 
than  by  open  burning  the  fuel  in  a  gas  burner.  Therefore, 
the  CATEG  operations  prove  to  be  highly  stable  and  resistant 
to  any  atmospheric  factors  (the  open-flame  gas  burners  have 
to  be  extra  shielded  against  high  wind  loads).  The  cataly¬ 
sis  proper  can  proceed  within  a  certain  (and  sometimes  very 
broad)  temperature  range,  so  the  process  will  not  be  stopped 
even  by  short-term  interruptions  in  fuel  supply.  In  case  fuels 
do  not  contain  catalytic  poisons,  the  catalyst  service  life  under 
continuous  operations  can  reach  years  and  even  decades. 

Of  course,  the  performance  (operation  stability  included) 
of  CATEG  is  defined  also  by  the  particular  type  of  thermo¬ 
electric  converter  used  to  generate  electric  power.  Thus,  two 
principal  units  of  CATEG,  i.e.  thermocouple  battery  and  cat¬ 
alytic  chamber,  define  the  CATEG  actual  technical  data  and 
operation  characteristics. 

Fig.l  is  the  lay-out  diagram  of  CATEG  design.  The 
CATEG-90/24  generator  prototype  of  90  W  electric  power 
output  at  a  24  V  load,  which  is  now  the  basic  model,  was 
designed  after  manufacturing  some  CATEG  modifications  of 
lower  power  outputs. 
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Figure  1:  The  CATEG  principle  scheme. 

1  -  Catalytic  chamber 

2  -  Thermocouple  battery 

3  -  Radiator 

4  -  Injector 

7  -  Exhaust  tube 

8  -  Cover 

9  -  Heat  insulation 


Table  1  shows  the  technical  data  of  the  CATEG  modifica- 
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Table  1:  Basic  CA'I'EG  prototypes 


Technical  data 

Type 

El. 

power 

Rated 

voltage 

Stabi¬ 

lized 

voltage 

Fuel 

(methane) 

consumption 

Electric  equi|)ment 

w 

V 

V 

m'^/hour 

KITT-15/12 

15 

12 

12 

0.6-0.75 

With  or  without  volt¬ 
age  stabilizer 

KITT-15/12-AE 

15 

12 

0.6-0.75 

Automatic  ignition 
system,  battery  unit, 
electromagnetic  valve 

CATEG-30/24 

30 

24(12) 

24-29 

1.2-1. 5 

Voltage  stabilizer 

CATEG-60/24 

60 

24 

24-29 

2.4-3.0 

Voltage  stabilizer 

CATEG-90/24 

90 

24 

24-29 

3.6-4.5 

Voltage  stabilizer 

tions  designed. 

Fig. 2  is  a  picture  of  one  of  the  pioneer  prototypes  of  CATEG 
of  15  W  electric  power  at  12  V  that  was  tentatively  named 
KITT-15/12  to  reflect  the  now  obsolete  terminology. 

The  model  was  equipped  with  an  automatic  actuation  sys¬ 
tem  and  with  an  electromagnetic  valve  for  disengaging  from 
gas  line  and  was  tested  for  a  year  as  an  autonomous  electric 
power  source  for  navigation  marks  an  beacon  lights  on  the 
base  of  the  Head  Office  of  Navigation  and  Oceanography  at 
Oranienbaum  [2]. 

The  ignition  system  is  started  by  an  external  signal  which 
simultaneously  opens  the  electromagnetic  fuel  valve.  If  neces¬ 
sary,  remote  starting  by  radio  signal  is  feasible. 

Platinum  deposited  on  aluminum  oxide  grains  was  used  as 
catalyst.  As  regards  the  completeness  of  oxidizing  the  hydro¬ 
carbon  fuels,  the  contents  of  CO,  NO,  aldehydes,  and  other  in¬ 
complete  combustion  products  in  exhaust  gases,  the  CATEG 
catalyst  performance  effectiveness  was  estimated  by  experts 
from  Neste  Co.  (Finland)  who  tested  the  KITr-15/12  gener¬ 
ator  [3].  The  specific  CO  content  in  exhaust  gas  is  below  the 
norms  prescribed  to  domestic  gas  appliances. 

Since  the  optimal  catalysis  process  proceeds  at  a  tempera¬ 
ture  much  below  the  open  burning  (below  400  "C  [4],  the  ther¬ 
moelectric  converter  was  made  of  the  bismuth  telluride  alloys 
that  exhibit  the  highest  effectiveness  in  a  20-350  "C  interval 
[5]. 

The  principal  present-day  consumers  of  CATEGs  are  the 
plants  of  GAZPROM  Russian  Joint-Stock  Co.  that  employ  the 
power  sources  of  the  kind  in  the  systems  of  cathode  protection 
and  telemechanics  of  gas  mains.  Depending  of  the  equipment 
type,  the  electric  power  of  electric  power  plants  must  range 
from  300  to  1000  W  and  higher.  Therefore  the  CATEG-90/24 
of  a  90  W  electric  power  output  at  24  V  was  selected  to  be  the 
basic  module. 

The  CATEG-90/24  is  equipped  with  a  voltage  stabilizer  that 
permits  the  stabilized  voltage  output  to  be  adjusted  from  24 
to  29  V. 

The  CATEGs  of  too  high  power  (above  100  W)  are  inexpe¬ 
dient  to  design  because  they  are  difficult  in  transportation  and 
assembly. 

The  CATEG-90/24  weight-dimension  characteristics  permit 
improvised  tools  to  be  used  in  cargo  handling  and  in  assembly. 
(This  is  of  particular  importance  in  the  far-northern  regions). 
In  the  case  of  high  power  consumption,  complex  power  plants 
can  be  assembled  out  of  individual  generators.  The  power 
plants  of  electric  power  of  hundreds  of  W  comprise  ,  not  only 
the  necessary  set  of  CATEGs,  but  also  the  specialized  assem- 


Figure  2:  KITT-lTj/Ti-A 


Figure  3;  The  picture  of  CATEG-90/24 


bly  construction  with  protective  roofs  or  blockmodules  and  gas 
preparation  system  (for  reduction  and  heating  during  cold  sea¬ 
sons). 

The  catalytic  thermoelectric  generators  can  be  used  as  sepa¬ 
rate  power  sources.  If  necessity  arises,  however,  large  complex 
power  plants  can  readily  be  assembled  out  of  different  types  of 
power  sources  that  will  supplement  each  other. 

We  designed  and  calculated  a  30  ’We(  autonomous  complex 
power  plant  that  includes  a  CATEG  generator,  a  cell  battery 
unit,  and  a  solar  battery.  The  CATEG  -  battery  complex 
proves  to  be  particularly  promising.  The  battery  power  is  con¬ 
sumed  under  peak  loads  (transmission,  recording  data,  etc.) 
and  is  replenished  by  CATEG  during  the  intervals  between 
the  peak  loads.  In  such  a  way,  the  CATEG  -  battery  complex 
involves  generators  of  much  lower  power  compared  with  the 
peak  loads. 

It  should  be  noted  in  conclusion  that  the  CATEG-270/24 
power  plant  based  on  three  CATEG-90/24  generators  of  a 
270  W  total  electric  power  at  24  V  is  being  tested  to  feed 
the  cathode  protection  systems  at  the  Ilych  production  site 
of  the  Vuktyl  gas  pipeline  of  SEVERGAZPROM  Production 
Association. 

The  CATEG-270/24  total  continuous  service  life  has  reached 
1.5  year.  The  power  plant  has  shown  stable  performance 
throughout  the  test  service  period,  including  the  fall-winter 
seasons  of  severe  service  conditions  in  far-northern  regions. 

Basing  on  the  results  of  designing  and  testing  the  CATEG- 
270/24,  the  experts  from  the  SeverNIPIGAZ  Engineering  De¬ 
sign  Institute  have  developed  the  type  design  of  a  1  kW  electric 
power  plant  that  may  be  used  for  the  diverse  purposes  of  the 
GAZPROM  enterprises. 

Conclusions 

1.  A  promising  autonomous  catalytic  thermoelectric  gen¬ 
erator  (CATEG),  which  transforms  thermal  energy  of  low- 
temperature  catalytic  oxidation  of  gas  fuel  into  electric  power. 


has  been  designed  for  being  used  in  the  remote  and  difficult- 
to-reach  regions. 

2.  The  CATEG  prototypes  have  been  full-scale  tested  to  suit 
the  purposes  of  the  Head  Office  of  Navigation  and  Oceanogra¬ 
phy  of  Russia  and  the  SEVERGAZPROM  Production  Associ¬ 
ation.  The  generator  Has  also  been  subjected  to  complex  tests 
by  experts  from  Neste  Co.  (Finland). 

3.  The  tests  have  confirmed  that  CATEG  can  be  completed 
with  different  pieces  of  equipment  (electromagnetic  valve,  bat¬ 
tery  unit,  etc.)  and  electronics  (adjustable  voltage  stabilizer, 
automated  actuation  system). 

4.  The  CATEG  type  design  has  been  developed  that  can  be 
used  as  a  basis  to  building-block  design  the  generators  with 
but  minor  modifications  capable  of  producing  15-90  W  electric 
power. 

5.  In  cooperation  with  the  SEVERGAZPROM  Production 
Association,  a  CATEG-90/24-based  up-to  1  kW  power  plant 
type  design  has  been  developed  for  servicing  the  telemechanic 
systems  of  gas  pipelines. 
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The  application  of  silicon  germanium  (SiGe)  based  thermoelectric  devices  to  provide  electrical  power  to 
spaceoaft  is  reviewed.  Details  of  the  SiGe  thermoelectric  unicouple  and  radioisotope  thermoelectric 
generator  (RTG)  that  represent  the  current  generation  of  “flight  qualified”  designs  are  discussed.  Flight 
performance  data  from  ongoing  missions  are  provided  with  an  examination  of  degradation  effects  and  the 
capability  of  RTGs  to  meet  power  requirements  for  long  term  missions  in  excess  of  ten  yt^s.  Hie  unique 
manufacturing  processes  and  resources  required  for  the  fabrication  of  themioelectric  devices  are  preseoted. 
Finally,  future  space  applications  of  therrnoelectrics  are  explored  with  a  reviev/  of  the  significaret 
accomplishments  achieved  on  advanced  technology  programs. 


Introduction 

The  use  of  therrnoelectrics  to  power  space  missions  has  a 
distinguished  heritage  in  the  U.S.  space  program.  Specifically, 
power  sources  termed  radioisotope  thermoelectric  generators 
(RTGs),  have  been  used  on  21  missions  as  reliable,  continuous 
sources  of  electrical  power.  Table  1  provides  the  U.S.  history 
of  the  use  of  RTGs  in  space  [1,2].  The  selection  of  RTGs  is 
ideal  for  power  applications  requiring  high  reliability  since  the 
heat  produced  through  the  decay  of  the  radioisotope  fuel  is 
converted  directly  into  electricity  by  the  thermoelectric  portion 


of  the  generator.  Earlier  missions  employing  RTGs  such  as  tlie 
Apollo  lunar  missions  (1969-1972)  and  ilse  Viking  Mars  Land¬ 
ers  1  and  II  (1975),  used  primarily  lead  leliuride  fPbTe)  based 
thermoelectric  materials.  The  specific  power  of  lead  lellnride 
RTGs,  ranged  from  1.5to3.0V/e/lt:g.  More  recent  RTG  designs 
have  employed  silicon  germanium  (SiGe)  as  the  basic  tlienBO- 
electric  material.  Improved  specific  pov.'er  ranging  from  nearly 
4.0to  5.1  V/^s/kg  is  obtained  with  the  SiGebasexI  RTGs,  in  which 
conversion  is  accomplished  by  a  thenncelcclric  device  biowo 
as  a  unicouple.  As  shown  in  Table  1,  the  ,SiGe  laiicouple  v/ss 


Table  1.  History  of  U.S.  RTG  Space  Missiosis 


Spacecraft/ 

Mission 

RTG  Typo 

Primary 

TharmoolacSric 

Material 

SpoeHic 

Power 

Wo/Kg 

Nominal 

Initial 

Power  (Wg) 

Launch 
Date  (yr) 

tVliooloo 

Typo 

Transit  4a  &  4b 

SNAP-3B 

PbTe 

1.48 

2.7 

61 

NavIgatIcn'J  | 

Transit  5BN1  &  N2 

SNAP-9A 

PbTe 

2.20 

25 

63 

Mawgatinnal  ! 

Nknbus  III 

SNAP-19B 

PbTe 

2.1 

28 

69 

Meteorological  | 

Apollo  12-17 

SIMAP-27 

PbTe 

2.34 

73 

69-72 

Lunar  | 

Triad 

Transit 

PbTe 

2.6 

35 

72 

Navigatio.iEl  I 

Pioneer  10  and  11 

SNAP-19 

PbTe 

3.0 

41 

72  a  73 

Planetarjr 

Viking  Lander  1  &  II 

SNAP-19 

PbTe 

3.0 

41 

75 

felai's  Lander  | 

LES  8  a  9 

MHW-RTG 

SiG©  * 

3.94 

154 

76 

Communic.ations  | 

Voyager  1  a  2 

MHW-RTG 

SiGs  * 

3.94 

154 

77 

Planetary  j 

Galileo 

GPHS-RTG 

SiG©  * 

5.14 

296 

89 

\ 

Planetar/  (Jupiter)  | 

Ulysses  (ESA  Mission) 

GPHS-RTG 

SG©  * 

5.14 

296 

Planetary  (Solar)  j 

Cassini  (Future) 

GPHS-RTG 

SiG© " 

5.14 

296 

97 

(Plannsd) 

1 

Pianetary  (Saturn)  j 

*  MHW  and  GPHS  RTGs  both  employ  the  SGe  unicouple. 


395 


first  used  in  the  multi-hundred  watt  (MHW)  RTGs  for  the 
acclaimed  Voyager  missions  and  also  in  the  general  purpose 
heat  source  (GPHS)  RTGs  for  the  Galileo  and  Ulysses  missions. 
The  upcoming  Cassini  mission  to  explore  the  Saturnian  system 
will  also  rely  on  the  SiGe  unicouple/GPHS-RTG  design. 

SiGe  Unicouple 

Since  the  mid  1970s,  the  SiGe  unicouple  has  been  the  pre¬ 
ferred  flight  qualified  thermoelectric  device  for  space  based 
RTGs.  Advances  in  thermoelectric  technology  have  occurred  in 
the  past  two  decades,  but  the  rigorous  qualification  program 
needed  for  space  applications  has  not  been  fully  completed  for 
more  recent  designs.  Advanced  thermoelectric  technology  as 
related  to  providing  the  next  generation  of  thermoelectric  power 
sources  is  discussed  later  in  this  paper.  Flight  quabfication  of  the 
SiGe  unicouple  has  been  achieved  through  extensive  testing 
which  has  included  thermal  performance  and  vibration  testing  of 
an  RTG  assembly.  Furthermore,  the  SiGe  unicouple  has  dem¬ 
onstrated  successful  performance  in  space  with  the  RTGs  from 
the  LES,  Voyager,  Galileo  and  Ulysses  missions. 

The  SiGe  unicouple,  with  dimensional  data,  is  provided  in 
Figure  1  [3].  The  GPHS-RTG  which  employs  572  unicouples 
and  ftroduces  nearly  300  Wj  of  power  is  illustrated  in  Figure  2. 
The  heat  collector  at  the  hot  side  of  the  unicouple  is  the  SiMo  hot 
shoe  which  is  85/15  weight  percent  Si/Mo.  The  hot  shoe  is  made 
from  two  halves;  one  doped  N-type  and  the  other  P-type.  The  N 
and  P  SiGe  thermoelectric  couple  legs  are  bonded  to  correspond¬ 


ing  halves  of  the  hot  shoe.  The  N-leg  and  hot  shoe  element  are 
doped  with  phosphorus  (-0.6  at%  P),  and  the  P-leg  and  hot  shoe 
element  are  doped  with  boron  (-0.24  at%B).  The  unicouple 
SiGe  materials  are  described  as  coarse  grain  with  an  average 
grain  size  of  25  pm.  Each  thermoelectric  leg  is  comprised  of  two 
sections  termed  the  pellet  and  the  segment.  The  pellet  is  84 
percent  of  the  leg  length  and  is  nominally  78  at%  silicon.  The 
segment  material  is  63.5  at%  silicon.  While  the  78  at%  Si  pellet 
provides  better  thermoelectric  performance,  the  reduced  silicon 
content  in  the  segment  compen^tes  for  the  mismatch  in  coeffi¬ 
cient  of  thermal  expansion  between  the  SiGe  pellet  and  the 
tungsten  cold  shoe. 

During  RTG  operation  in  space  the  unicouples  function  in  a 
vacuum  environment  at  a  nominal  hot  shoe  temperature  of 
1308K,  giving  a  hot  junction  temperature  of  1273K  and  a  cold 
junction  temperature  of  573K  across  the  legs.  To  prevent 
sublimation  of  silicon  under  these  conditions  a  silicon  nitride 
coating  (typical  thickness  of  0.5  - 1 .5  pm)  is  applied  by  chemical 
vapor  deposition  (CVD)  to  the  pellet  and  hot  shoe  surfaces.  An 
effective  silicon  nitride  coating  is  crucial  to  device  reliability. 

Work  on  an  advanced  material  task  experimentally  deter¬ 
mined  the  figure-of-merit  for  the  78/22  SiGe  unicouple  pellet 
material  [4].  For  the  N  pellet  material  Zn  =  0.76  X  10'^  K  ’  and 
for  the  P  pellet  material  Zp  =  0.52  X  lO'^  K'*.  These  values 
represent  the  integrated  average  for  measurements  made  over 
the  573K  -  1273K  temperature  range. 


UNtCOUPLE  HEIGHT  =  31.23  mm  (1.23  In.) 

Leg  Height  =  20.32  mm  (.800  In.) 

Pellet  =  17.15  mm  (.675  In.) 
Segment  =  3.17  mm  (.125  In.) 

Leg  Cross  Section:  6.50  mm  x  2.74  mm 
(.256  In.  X  .108  In.) 
(Same  for  N&P) 

Hot  Shoe:  1.9  mm  X  22.9  mm  X  22.9  mm 
(.075  In.  X  0.9  In.  X  0.9  In.) 

UNICOUPLE  WEIGHT  =  9.43  g  (.0208  lbs.) 


Fig.  1.  SiGe  Unicouple 
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'GENERAL  PURPOSE 
HEAT  SOURCE 


LENGTH:  44,5  INCHES 

DIAMETER:  16.8  INCHES  (FIN  TO  FIN) 

WEIGHT:  123  LBS _ 


-  POWER  OUTPUT:  296  We 

(NOMINAL,  VACUUM  OPERATION  -  BEGINNING  OF  LIFE) 

•  572  UNICOUPLES _ 


Fig.  2.  GPHS  RTG 

The  cold  end  of  the  unicouple,  termed  the  cold  stack  assem¬ 
bly,  provides  the  means  to  mechanically  attach  the  unicouple  to 
the  converter  structure.  The  cold  stack  also  includes:  the 
electrical  connector  extensicms  v^hich  allow  tlie  interconnection 
of  the  unicouples  in  the  power  circuit;  and  an  insulator  which 
isolates  the  thermoelectric  circuit  from  the  balance  of  the  RTG 
assembly. 


Unicouple  Fabrication 

The  unicouple  assembly  is  manufactured  at  the  Locldieed 
Martin  Astro  Space  facility  in  Valley  Forge,  Pennsylvania.  This 
facility  maintains  the  unique  resources  needed  to  process  ther¬ 
moelectric  materials  and  assemble  thermoelectric  devices.rang- 
ing  from  the  established  unicouple  design  to  advanced  prototype 
configurations.  An  overview  of  the  unicouple  fabrication  pro¬ 
cess  is  shown  in  Figure  3.  Key  attributes  of  the  processing  steps, 
highlighting  the  specialized  equipment  and  stalled  staff  neces¬ 
sary  fOT  the  manufacture  of  unicouples,  are  identified  in  Table  2. 
For  the  Cassini  Mission,  the  unicouple  production  line  was 
restarted  in  1992  and  nearly  2500  unicouples  were  produced  in 
the  subsequent  three  year  span. 

Unicouple  Performance  -  Module  Teste 

During  each  program  production  cycle,  small  scale  module 
tests  are  conducted  [5,  6].  The  modules  are  configured  to 
simultaneously  test  eighteen  (18)  unicouples  in  a  simulated 
RTG  environment,  with  a  twofold  purpose.  First  the  proper 
thermoelectric  performance  of  the  unicouple  can  be  assessed. 
Second  the  effectiveness  of  the  silicon  nitride  coating  can  be 
evaluated.  Approximately  twenty  modules  v/ere  tested  during 


the  MHW-RTG  program,  and  nine  modules  were  tested  during 
the  GPHS -RTG  program.  The  Cassini  program  has  placed  three 
modules  on  test.  The  modules  can  be  operated  at  the  nominal  hot 
shoe  temperature  of  1308K,  or  the  hot  shoe  temf^rature  can  be 
increased  to  1408K  to  allow  an  accelerated  evaluation  of  the 
silicon  nitride  coating  effectiveness. 

For  the  Cassini  program ,  two  of  the  three  modules  (designated 
as  18-10  and  18-11)  were  placed  on  test  at  the  accelerated 
condition  of  1408K  hot  shoe  temperature.  These  tests  were 
continued  in  excess  of  10,000  hours  which  is  approximately 
equivalent  tosixtimesthe  amount  of  thermal/vacuum  exposure 
that  the  unicouples  would  endure  in  the  sixteen  year  Cassini 
mission.  Electrical  monitoring  of  these  two  modules  showed  no 
power  degradation  related  to  silicon  sublimation,  and  the  perfor¬ 
mance  of  these  modules  was  similar  to  test  results  from  previous 
programs.  To  put  these  results  into  perspective,  experimental 
module  testing  (circa  1975)  with  uncoated  unicouples  showed 
indications  of  failure  after  only  300  hours  of  testing.  Thus,  for 
the  Cassini  mission,  excellent  performance  of  the  coating  has 
been  demonstrated. 

The  tliird  Cassini  module  (designated  as  18-12)  was  operated 
at  the  nominal  1308K  hot  shoe  temperature.  Figure4  shows  the 
power  factor  ratio  (power  at  specified  time/inilial  power)  for 
module  18-12  in  comparison  to  GPHS  program  module  18-7. 
Acceptable  unicouple  performance  is  demonstrated  with  agree¬ 
ment  between  the  two  modules  and  with  module  18- 12  showing 
a  pov/er  reduction  of  only  ~5%  after  6(K)0  hours. 
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Fig.  3.  Overview  of  Unicouple  Assembly  Process 

Unicouple  Performance  -  Flight  Telemetry 

RTG  performance  data  from  ongoing  missions  provide  a 
valuable  source  by  which  unicouple  performance  can  be  exam¬ 
ined  [7, 8].  A  plot  of  all  SiGe  unicouple  RTG  data,  including 
the  GPHS-RTG  program  qualification  unit,  is  shown  on  Figure 
5.  In  evaluating  this  RTG  performance  data,  it  is  important  to 
distinguish  between  the  power  loss  associated  with  reduction  in 
fuel  thermal  power  from  the  power  loss  associated  with  unicouple 
degradation.  The  decay  of  the  radioisotope  fuel  is  a  well 
un^rstood  phenomenon,  therefore  the  total  power  loss  can  be 
apportioned  between  fuel  decay  and  unicouple  related  degrada¬ 
tion  as  shown  in  Table  3.  As  time  of  operation  progresses,  fuel 
decay  accounts  for  an  increasing  portion  of  the  decrease  in  RTG 
power.  Testing  and  operational  experience  have  shown  that 
after  about  50,000  hours  unicouple  behaviOT  isrelati  vely  stable. 
Flight  telemetry  data  provide  positive  proof  of  the  ability  of  the 
SiGe  unicouple  to  satisfy  mission  power  requirements  well  in 
excess  of  ten  years. 

SiGe  Advanced  Technology  and  Future  Space 
Applications 

Numerous  activities  have  been  completed,  are  underway,  or 
are  being  proposed  to  produce  the  next  generation  of  higher 
performance  thermoelectric  systems.  Development  work  has 
addressed  both  improved  material  performance  and  device 
configurations.  With  regard  to  exploring  future  flight  power 
systems,  the  advanced  technology  efforts  which  have  matured 
to  the  phase  of  device  fabrication  and  test  are  pertinent  to  this 
discussion. 


As  part  of  the  Modular  RTG  (MOD-RTG)  program  the  multi¬ 
couple  thermoelectric  device,  shown  in  Figure  6,  was  developed 
[9].  The  multicouple  consists  of  40  thermoelectric  legs  each 
coated  with  a  silicon  nitride/silicon  dioxide  (SijN^SiOz)  barrier 
coating  to  suppress  migration  of  the  thermoelectric  materials  at 
operating  conditions.  Each  leg  is  separated  by  a  high  temperature 
insulating  glass.  The  legs  are  electrically  connected  in  senes 
through  the  use  of  SiMo  hot  shoes  and  tungsten  cold  contacts.  The 
N-legs  are  composed  of  fine-grain  silicon  germanium-gallium 
phosphide  (SiGe-GaP)  and  the  P-legs  are  fine-grain  SiGe.  The 
performance  goal  for  the  multicouple  is  2, 5  W,  al  3.5  Vj,,  with  hot- 
cold  junction  temperatures  at  1273K/573K.  The  MOD-RTG 
mulucouple  configuration  offers  a  potential  45%  increase  in 
specific  power  over  the  GPHS-RTG.  The  multicouple  develop¬ 
ment  effort  is  presently  on  hold  due  to  funding  constraints 
Previously,  however,  thermal  performance  life  testing  on  numer 
ous  multicouples  had  been  completed  with  successive  desigi. 
improvements  made  to  correct  electrical  degradation  characteris¬ 
tics.  Further  development  work,  followed  by  confirmation  oi 
device  reliability  through  long  term  life  testing,  is  necessary  to 
qualify  the  multicouple  for  flight  use. 

Building  on  the  multicouple  concept,  a  high  power  ihermoeicc 
trie  cell,  illustrated  in  Figure  7  was  developed  for  the  SP-100 
reactor  system  [10].  Design  and  assembly  of  this  cell  required 
advancements  in  compliant  strucUire,  insulator,  and  bonding/ 
brazing  technologies.  The  successful  development  of  compliani 
pads  and  high  voltage  insulators  were  key  accomplishments  that 
enabled  the  cell  to  be  conductively  coupled  to  the  heat  source  and 
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Table  2.  Key  Attributes  of  the  Unicouple  Manufacturing  Process 


Procoso 

Key  Attributes 

•  Vacxium  Casting  of  Raw  Materials 

-  Vacuum  Environment 

-  Temperature  Range:  1620to  1820K 

•  Crushing  and  Powdar  Blending  of 

Vacuum  Cast  Ingots 

-  Produce  Powders  in  the  1  to  200  pm 
Partide  Size  Range 

•  Vacuum  Hot  Pressing  of  Powders  into  a 
Compact 

-  Vacuum  Environment  with  Final  Stage 

Gas  Cooling 

-  Temparatura  Range:  1570to  1720K 

-  Pressing  Force  Range:  620  to  845  kN 

(140to190Klbf) 

•  Machining  of  Compacts  into 

Thermoetectric  Parts  (Pellats,  Sagmants, 
and  Hot  Shoes) 

-  Predsion  Watering  and  Slidng 

Equipment,  Tolsrancas  Controlled  to 

Below  .025  mm  (.OOT) 

»  Bortding  of  Peilsts  to  Hot  Shoes  and 
Segments  to  Pellets 

-  Vacuum  Environment  with  Final  Stage 

Gas  Cooling 

-  Temparature  Range:  1470  to  1620K 
with  temperature  controlled  to  ±5K. 

•  Silicon  Nitride  Coating  of  Thermoelectric 
Materials 

-  Chemical  Vapor  Deposition  Furnaces 

-  Process  Control  Measurement 

•  Chlorino  Content  via  X-Ray 
Fluorescence  Spectrometry 

"  Thickness  via  Metallurgical 

Examination 

•  High  Temperatura/Vacuum  Weight 

Loss  Test 

“  Brazing  of  Cold  Stack  and  Unicoupte 
Assembly 

-  Hydrogen  Cover  Gas  Environment 

-  Temperature  Range:  1080to1090K 

”  Insulation  of  Unicoupls  Assembly 

-  Automated  Yarn  Wrapping 

sink.  The  flight  system  design  goal  for  the  SP-100  cell,  using 
advanced  SiGe-GaP  materials,  is  to  provide  1 3  We  per  device.  As 
a  substantial  achievement  towards  this  goal,  prototype  cells  employ¬ 
ing  SiGe  material  have  been  fabricated  and  have  produced  nearly  9 
We  of  power  during  testing  (hot/cold  junction  temperatures  of 
1273K/873K). 

Summary 

The  SiGe  unicouple,  which  is  the  premier  flight  qualified  thermo¬ 
electric  device  in  use  today,  has  demonstrated  outstanding  perfor¬ 
mance  and  reliability.  The  unicouple  and  the  accompanying  RTG 
technology,  have  enabled  and  continue  to  enable  space  missions  in 
excess  of  ten  years  duration.  Develqiment  efforts  have  demon¬ 
strated  that  improvements  in  thermoelectric  performance  beyond 
that  of  the  unicouple  are  achievable.  The  unique  resources  to 
fabricate  the  unicouple  and  to  conduct  advanced  thermoelectric 
work  are  maintained  through  U.S.  Department  of  Energy  support  at 
the  Lockheed  Martin  Astro  Space  facility  in  Valley  Forge,  Pennsyl¬ 
vania  (U.S.  A). 
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Table  3.  ApportionmenJ  of  RTG  Power  Losses  ftroisgboBf  Mission  Life 


Years  I  .57  I  1.14  2.28  5.7  11.4  15 


Hours  5000  10000  20000  50000  100000  131400 


Total  Decrease  in  RTG 


3%  5%  7.5%  13%  21%  25% 
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COMPARISON  OF  THERMOELECTRIC  SPACE  POWER  SYSTEM 
WITH  ALTERNATIVE  CONVERSION  OPTIONS 
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Summary 

The  paper  compares  the  performance  and  maturity  of 
alternative  radioisotope  power  system  options  for  an  illustrative 
space  mission,  Pluto  Express.  During  the  past  year  the  author 
has  conducted  detailed  design  studies  and  optimizations  of 
power  systems  based  on  thermoelectric,  thermophotovoltaic 
(TPV),  and  Stirling  converters  for  the  U.S.  Department  of 
Energy  (DOE).  All  system  options  were  based  on  General 
Purpose  Heat  Source  (GPHS)  modules  previously  developed 
and  safety-qualified  by  DOE  for  various  NASA  and  ESA 
missions  (Galileo,  Ulysses,  Cassini).  The  system  designs 
generated  by  Orbital  Sciences  Corporation  (OSC)  for  DOE 
include  the  integration  of  the  alternative  conversion  systems 
with  those  heat  source  modules  and  with  a  suitable  radiator  for 
heat  rejection. 

The  thermoelectric  option  was  based  on  SiGe  unicouples 
successfully  flown  on  the  LES-8/9,  Voyager,  Galileo,  and 
Ulysses  missions,  and  slated  for  use  on  the  upcoming  Cassini 
mission.  The  paper  compares  the  effect  of  standard  American 
fuel,  higher-enrichment  Russian  fuel,  and  American  fuel 
originally  produced  for  an  unused  Galileo  spare  generator  that 
has  been  undergoing  isotopic  decay  for  almost  20  years.  For 
the  latter  case,  it  describes  a  novel  technique  that  can 
significantly  increase  the  generator’s  EOM  power. 

The  Stirling  engine  option  was  based  on  a  derivative  of  a  small 
(11-watt)  free-piston  Stirling  engine  and  linear  alternator  with 
a  measured  efficiency  of  18.5%,  which  has  been  successfully 
endurance-tested  for  over  17,000  hours  to  date.  In  the  OSC- 
generated  system  design,  the  heat  source  is  coupled  to  four 
engines  and  alternators,  any  three  of  which  could  deliver  the 
desired  design  power  (75  w)  if  the  fourth  should  fail.  The 
paper  presents  results  of  detailed  analyses  showing  the  effect  of 
radiator  geometry  on  system  mass  and  performance  before  and 
after  an  engine  and  heat  pipe  failure. 

Finally,  the  TPV  option  is  based  on  gallium  antimonide 
photovoltaic  cells  covered  with  spectrally  selective  infra-red 
filters.  The  cells  and  filters  do  not  contact  the  hot  heat  source, 
but  operate  essentially  at  room  temperature,  which  requires 
large,  light-weight  radiators  described  in  the  paper.  The  TPV 
analyses  were  based  on  measured  spectral  values  of  the  filter’s 
reflectivity  and  of  the  cell’s  quantum  efficiency,  and  on 
projected  improved  values  of  those  parameters.  The  papter 
describes  an  ongoing  experimental  program  to  determine  to 
what  extent  those  projected  performance  improvement 
parameters  can  in  fact  be  achieved.  The  TPV  technology  is  less 
mature  than  the  thermoelectric  unicouples  with  their 
demonstrated  endurance,  but  offers  the  opportunity  for  greatly 
enhanced  performance  in  a  system  without  moving  parts. 


Introduction 

This  paper  deals  with  radioisotope  power  systems  for  space 
missions  to  locations  where  sunlight  is  inadequate  for  practical 
solar  power  systems.  Although  the  paper  is  being  presented  at 
the  International  Conference  on  Thermoelectrics,  only  part  of 
the  paper  deals  with  thermoelectric  systems,  and  the  rest  deals 
with  alternative  power  conversion  systems. 

Thermoelectric  space  power  systems  are  by  far  the  most  mature 
and  flight-proven,  having  demonstrated  excellent  reliability  and 
long-term  performance  stability  on  previous  space  missions.  But 
they  are  very  inefficient  (typically  7%),  which  increases  the  fuel 
requirement  and  cost  for  a  specified  power  output.  Since  cost 
and  mass  are  critical  factors  for  presently  planned  space 
missions,  there  is  great  interest  in  developing  advanced  power 
systems  with  substantially  higher  conversion  efficiencies. 

There  are  three  advanced  power  system  options  that  offer  the 
possibility  of  tripling  the  efficiency  of  present  thermoelectric 
systems:  TPV  (thermophotovoltaic)  generators,  Stirling  engines 
(free-piston,  with  linear  alternators),  and  AMTEC  (Alkali  Metal 
Thermal  to  Electric  Converters).  The  purpose  of  this  paj>er  is  to 
make  the  thermoelectric  community  aware  of  these  alternatives, 
and  to  apprise  them  of  their  development  status  and  projected 
system  performance  compared  to  thermoelectric  systems. 

To  make  that  comparison,  the  author  will  utilize  the  results  of 
radioisotope  power  system  design  studies  based  on  thermoelec¬ 
tric  [1,2,3],  TPV  [4,5,6, 7],  and  Stirling  engines  [8,9]  which  OSC 
recently  conducted  for  DOE.  (The  author  has  started  a  fourth 
study  based  on  AMTEC,  but  its  results  are  not  yet  available.) 

All  of  the  above  studies  were  for  systems  to  power  a  robotic 
mission  to  the  planet  Pluto  and  its  moon  Charon,  the  only 
unexplored  planet  in  the  solar  system  [10,1 1,12].  The  required 
power  output,  including  contingencies  and  margin,  specified  by 
JPL  (Jet  Propulsion  Laboratory),  is  for  ~75  watts  at  the  end  of 
the  8.2-year  mission. 

All  of  the  studied  system  designs  were  based  on  the  same 
General  Purpose  Heat  Source  (GPHS)  modules  [13],  which  have 
been  successfully  used  on  other  space  missions  after  undergoing 
stringent  safety  analyses  and  tests.  As  shown  in  Figure  1,  each 
GPHS  module  contains  four  62.5  watt(t)  Pu02  fuel  pellets 
encapsulated  in  iridium-alloy  clads.  The  remaining  module 
components  are  graphitic  and  are  designed  to  protect  the 
integrity  of  the  iridium  clads  in  case  of  accidents  before,  during, 
and  after  launch. 

There  are  two  impact  shells  and  one  aeroshell  made  of  fine- 
weave  pierced  fabric  (FWPF),  a  very  tough  high-temperature 
three-dimensional  carbon-carbon  composite.  The  aeroshell 
would  serve  as  an  ablator  in  the  unlikely  event  of  inadvertent 
atmospheric  reentry,  and  the  impact  shells  would  help  to  prevent 
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breach  of  the  clads  during  subsequent  Earth  impact.  Between 
the  impact  shells  and  the  aeroshell  is  a  high-temperature  thermal 
insulator  consisting  of  a  low-density  composite  of  carbon-bonded 
carbon  fibers  (CBCF),  to  prevent  overheating  of  the  clads  during 
the  reentry  heat  pulse  and  overcooling  and  embrittlement  of  the 
clads  during  the  subsequent  subsonic  atmospheric  descent  before 
earth  impact. 


*Flne-Weave  Pierced  Fabric,  a  9O%-d0nse  3D  carbon-carbon  composite 
**Carbon-Boncted  Carbon  Fibers,  a  10%-dense  high-tomperature  Insulator 
’•‘62,5-watt  238  puoj  pellet 


Figure  1 .  GPHS-General  Purpose  Heat  Source  Module 
(250  Watts)  Sectioned  at  Mid-Plane. 

Thermoelectric  System  Study 

Heat  Source.  A  previous  study  [3]  of  Radioisotope 
Thermoelectric  Generators  (RTGs)  for  the  Pluto  mission  which 
the  author  published  in  1993  had  assumed  a  nominal  thermal 
power  of  250-watts  per  GPHS  module  at  the  beginning  of  the 
mission  (BOM).  A  subsequent  study  [1]  published  in  1994 
examined  three  specific  fuel  options: 

—  recently  imported  Russian  fuel,  yielding  a  BOM  thermal 
power  of  254  W/module, 

—  fuel  made  at  the  end  of  the  Department  of  Energy’s 
current  production  run  for  the  Cassini  mission,  yielding  a 
thermal  power  of  231  W/module  at  the  time  of  the  Pluto 
launch, 

—  and  fuel  from  the  F5  RTG,  which  was  fabricated  in  1982  as 
a  spare  for  the  1989-launched  Galileo  mission,  and  which 
will  yield  a  thermal  power  of  220  W/module  at  the  time  of 
the  Pluto  launch. 

For  each  of  these  fuel  options,  JPL  had  requested  that  OSC 
analyze  RTGs  with  5,  6,  and  7  heat  source  modules. 

Thermoelectric  Unicouples.  The  1994  study  was  based  on 
unicouple  designs  that  are  identical  to  those  used  in  RTGs 
flown  on  the  LES  8/9,  Voyager,  Galileo,  and  Ulysses  missions 
and  are  slated  for  launch  on  the  Cassini  mission  [14].  These 
unicouples  have  demonstrated  exceptional  reliability  and 
endurance.  They  have  operated  in  space  for  up  to  17  years, 
always  far  beyond  their  original  design  goal. 

As  shown  in  Figure  2,  each  unicouple  contains  an  n-doped  and 
a  p-doped  SiGe  leg,  which  are  joined  together  by  a  SiMo  hot- 
shoe  to  form  the  couple.  The  hot-shoe  also  serves  as  a  heat 
collector  to  concentrate  the  heat  which  the  heat  source  radiates 
across  a  vacuum  gap.  There  is  no  contact  between  the  heat 
source  and  the  thermoelectric  couples.  The  cold  ends  of  the 
thermoelectric  legs  are  bonded  to  electrical  and  thermal 


conductors  and  to  mechanical  mounting  hardware.  The  gap 
between  the  two  legs  is  filled  with  quartz  fibers,  and  their 
periphery  is  wrapped  with  quartz  yarn. 


0.02  Cu  CONNECTOR 


RTG  Options.  Figure  3  shows  cross-sectional  views  of  an 
RTG  with  5  heat  source  modules  and  10  rings  of  16  unicouples. 
This  is  consistent  with  previously  flown  RTGs  in  which  there 
were  2  unicouple  rings  per  heat  source  module  [14].  As  shown, 
the  unicouples  are  embedded  in  multifoil  thermal  insulation, 
and  are  mounted  on  the  inside  of  the  finned  RTG  housing. 
There  is  no  contact  between  the  spring-loaded  heat  source  stack 
and  the  cantilevered  unicouples.  All  heat  transfer  is  by 
radiation  to  the  unicouples'  hot  shoes.  Series-parallel 
connections  between  unicouples  are  in  the  space  between  the 
thermal  insulation  and  the  housing.  The  generated  power 
emerges  through  a  vacuum  feedthrough.  The  5-module  RTG 
has  a  mass  of  15.8  kg. 


Figure  3  Cross-Sectional  View  of  RTG 
with  5  Heat  Source  Modules. 
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Similar  designs  of  RTGs  with  6  and  7  heat 
source  modules  and  respectively  with  12  and  14 
unicouple  rings  are  depicted  in  Figure  4.  These 
had  respective  heights  of  43.7  and  49.0  cm,  and 
respective  masses  of  18. 1  and  20.4  kg. 

Each  of  these  designs  was  analyzed  for  the  three 
previously  mentioned  fuel  options.  (Note:  For 
the  Galileo  Spare  option,  only  RTGs  with  5  and  6 
heat  source  modules  were  analyzed.  The  F5 
spare  unit  contains  18  heat  source  modules, 
which  only  allows  a  maximum  of  6  modules  for 
the  Pluto  mission's  two  flight  units  and  one  spare 
RTG.) 

The  eight  designs  were  subjected  to  detailed, 
coupled  thermal  and  electrical  analyses.  The 
analyses  employed  previously  published 
methodologies  to  compute  the  RTG's  BOM 
performance  [15]  and  EOM  performance  [16]. 
The  salient  results  of  those  analyses  are 
summarized  in  Table  1. 

Fuller  results  are  displayed  in  Figure  5,  which 
shows  the  output  power  history  of  each  option 
from  beginning  to  end  of  mission. 


Table  1 .  Effect  of  Fuel  Option  and  Number  of 
Heat  Source  Modules  on  Performance  of  RTG. 


Fuel  Option 

Russian 

U.S.  (Cassini) 

GLL  Spare  (F5) 

Pu-238  Enrichment,  % 

87.7 

79.7 

82.6 

Thermal  Watts  per  Module 

*  - - - 

BOM  (Jan  2000) 

254 

EOM  (Mar  2006) 

236 

216 

206 

Heat  Source  Modules 

5 

6 

7 

RTG  Mass,  kg 

15.8 

18.1 

20.4 

Optimum  RTG  Voltage 

19 

23 

27 

17 

21 

25 

16 

20 

Hot-Junction  Temp.,  C 

BOM 

992 

1003 

1012 

916 

930 

940 

876 

893 

948 

959 

970 

875 

889 

899 

839 

854 

Cold-Junction  Temp.,  C 

BOM 

254 

262 

234 

240 

247 

253 

233 

240 

EOM 

245 

253 

226 

231 

238 

244 

224 

231 

Efficiency,  % 

BOM 

7,1 

7.2 

7.3 

6.5 

6.6 

6.7 

6.2 

6.3 

EOM 

6.1 

6,2 

6.1 

5.9 

5.9 

6.0 

5.7 

5.7 

Power  Output,  Watts(e) 

BOM 

90 

109 

129 

75 

91 

EOM 

73 

86 

102 

64 

77 

90 

59 

71 

Figure  4.  Cross-Sectional  View  of  RTGs 
with  6  and  7  Heat  Source  Modules. 


Figure  5.  Effect  of  Fuel  Option  and  Number  of  Heat  Source 
Modules  on  Power  Profile  and  Mass  of  RTG  for  Pluto  Mission. 


Table  2.  JPL's  1994  Baseline  Power  Demand  Schedule 
for  PFF  (2/18/94). 


Comparison  with  Pluto  Power  Demand.  The 
next  step  is  to  compare  the  predicted  power 
profiles  for  the  various  cases  with  JPL's 
stipulated  power  demand  schedule.  As  seen,  the 
mission  consists  of  an  8-year  pre-encounter  phase 
with  a  weekly  4-hour  downlink  jteriod  and 
several  30-minute  prepropulsive  and  propulsive 
maneuvers,  a  30-day  encounter  phase  with  daily 
16  hours  of  data  gathering  and  8  hours  of  data 
transmission,  followed  by  a  6-week  post¬ 
encounter  cruise  with  full-time  data 
transmission.  For  each  activity,  the  table  lists  the 
breakdown  of  the  power  demand  and  the  total 
demand  with  a  20%  contingency  allowance  plus 
a  10%  margin,  which  is  JPL's  stipulated  power 
goal.  As  will  be  seen,  the  most  critical  demands 
are  the  last  of  the  prepropulsive  maneuvers  and 
the  last  of  the  weekly  downlinks  beforeencounter, 
and  the  data  transmissions  after  encounter. 
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For  the  three  fuel  options.  Figures  6a  and  b 
compares  these  critical  power  demands  with  the 
predicted  power  profiles  for  RTGs  with  5  and  6 
heat  source  modules.  As  shown,  for  an  RTG 
with  5  heat  source  modules  none  of  the  fuel 
options  meets  JPL's  10%  margin  goal,  while  an 
RTG  with  six  heat  source  modules  more  than 
meets  the  JPL  goal  with  Russian  fuel,  almost 
meets  it  with  U.S.  (Cassini)  fuel,  but  still  falls 
considerably  short  of  meeting  JPL's  10%  margin 
goal  with  the  depleted  fuel  from  the  aged  Galileo 
spare  (F5)  RTG, 

The  failure  of  the  aged  fuel  to  meet  the  PL’s 
power  demand  goal  was  disappointing,  because  a 
sufficient  number  of  heat  source  modules  with 
that  fuel  already  exist,  and  their  use  could  result 
in  significant  cost  savings  for  the  severely  cost- 
constrained  Pluto  mission.  Therefore,  the  author 
undertook  a  study  to  determine  whether  the  RTG 
design  could  be  modified  (without  increasing  its 
mass)  to  meet  the  mission's  EOM  power  demand 
goal  [2], 

Design  Modification,  A  simple  solution  for 
increasing  the  RTG's  power  output  is  suggested 
by  comparison  of  the  upper  and  lower  curves  of 
Figure  6b.  It  is  clear  that  the  RTG  with  Galileo 
spare  fuel  yields  a  lower  electrical  output  not  only 
because  its  thermal  power  is  lower  but  also 
because  its  efficiency  is  significantly  lower.  Its 
efficiency  is  lower  because  its  hot-junction 
temperature  is  much  lower,  because  of  the 
depleted  fuel's  reduced  thermal  power. 

Nothing  can  be  done  about  the  depicted  fuel's 
lower  thermal  power,  but  something  can  be  done 
about  the  RTG's  lower  hot-junction  temperature. 
Note  that  the  high-enrichment  Russian  fuel  yields 
a  BOM  hot-junction  temperature  of  1003°C, 
which  is  about  the  limit  of  experience  on  previous 
flight  RTGs.  (Accelerated  life  tests  have  been 
conducted  at  higher  temperatures.)  As  shown, 
the  same  RTG  with  depleted  fuel  has  a  BOM  hot- 
junction  temperature  of  only  893°C,  which 
accounts  for  its  much  lower  efficiency  (6.3% 
versus  7.2%). 


Clearly,  the  way  to  raise  the  RTG's  efficiency  is  to  raise  its 
hot-junction  temperatures.  Can  this  be  done  without 
increasing  the  thermal  jmwer?  Yes,  by  reducing  the  thermal 
conductance  of  the  thermopile. 

One  way  of  reducing  the  thermopile's  conductance  is  to  lower 
the  conductance  of  each  thermoelectric  leg,  by  increasing  its 
length  and/or  reducing  its  cross-sectional  area.  But  that  would 
require  revising  the  unicouple  design  and  repteating  lengthy 
qualification  tests,  clearly  a  very  undesirable  strategy 
considering  how  much  effort  has  gone  into  pterfecting  the 
fabrication  of  the  present  unicouples  and  demonstrating  their 
longevity.  A  much  better  strategy  is  to  leave  the  unicouple 
design  unchanged,  but  reduce  the  number  of  unicouples  in  the 
RTG. 


This  strategy  is  illustrated  in  Figure  7,  which  compares  the 
standard  six-module  RTG  with  one  in  which  the  number  of 
unicouple  rings  has  been  reduced  from  12  to  10.  As  shown  at 
the  bottom  of  the  figure,  this  raises  the  BOM  hot-junction 
temperature  from  893°C  to  994°C  (still  within  the  established 
1000°C  limit),  and  raises  the  BOM  efficieney  from  6.3%  to 
7.2%. 

In  Figure  7  the  reduced  number  of  couple  rings  have  been 
spread  out  over  the  full  length  of  the  heat  source  stack.  This 
only  requires  the  relatively  trivial  change  of  lengthening  the 
axial  series  connectors  between  adjacent  couple  rings. 
Alternatively,  we  have  analyzed  two  cases  in  which  the 
spacing  between  couple  rings  is  kept  the  same,  by  deleting  the 
couple  ring  at  eaeh  end  or  by  omitting  two  couple  rings  at  the 
center  of  the  RTG.  Surprisingly,  all  three  alternatives  gave 
essentially  identical  results. 
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1237 
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COLD-JUNCTION.  "C 
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230 

6.3 
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7.2 
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63 

71 

OUTPUT  POWER.  W(e) 

95 

78 

It  may  be  wondered,  if  this  is  so  effective  why  stop  at  10  rings? 
Why  not  go  to  nine  and  achieve  even  greater  improvement? 
We  did  analyze  a  9-ring  design,  but  found  it  to  be  self- 
defeating.  Going  to  nine  rings  led  to  a  large  increase  in  BOM 
power,  but  the  consequent  rise  in  hot-junction  temperature  and 
degradation  rate  actually  resulted  in  a  lower  EOM  power  than 
the  ten-ring  RTG.  Therefore,  for  a  six-module  RTG  with  the 
depleted  fuel,  the  design  with  ten  unicouple  rings  appears  to  be 
optimum  and  was  assumed  in  subsequent  studies. 

Stirling  System  Study 

Introduction.  In  October  1993  the  author  published  a  paper 
[8]  presenting  the  results  of  a  design  study  for  a  75-watt(e) 
Radioisotope  Stirling  Power  System,  for  possible  application  to 
the  Pluto  mission.  That  study  was  based  on  free-piston 
Stirling  engine  and  linear  alternator  designs  generated  by  MTI 
(Mechanical  Technology,  Inc,).  The  75-watt  MTI  design  was  a 
derivative  of  a  much  larger  (13  kwe)  engine  and  alternator  that 
they  had  developed  and  tested  for  NASA’s  LeRC  [17,18], 
Clearly,  such  a  derivative  would  require  a  major  extrapolation 
(downsizing)  from  what  has  actually  been  built  and  tested. 
Subsequently,  STC  (Stirling  Technology  Company)  has 
developed  and  endurance  tested  a  much  smaller  (11-watt)  free- 
piston  engine  and  alternator,  for  a  terrestrial  application,  [19], 


Figure  7.  Effect  of  Reduced  Number  of  Standard  Unicouples 
on  Pluto  RTG  with  6  GPHS  Modules  from  GLL  Spare  {F5). 

Figure  8  shows  the  effect  of  varying  the  number  of  couple  rings 
on  the  RTG's  power  profile  during  the  8.2-year  mission,  and 
compares  those  profiles  with  JPL's  stipulated  power  demand 
goals.  As  can  be  seen,  RTGs  with  12  and  11  coupled  rings  do 
not  provide  the  stipulated  10%  margin,  but  the  10-ring  RTG 
meets  that  goal  after  encounter  and  only  misses  it  by  ~3% 
during  the  final  prepropulsive  maneuvers. 


Figure  8.  Effect  of  Number  of  16-Unicoupl6  Rings 
on  Pluto  RTG  with  6  GLL-Spare  GPHS  Modules. 

The  figure  shows  that  deleting  two  couple  rings  raises  the  BOM 
output  by  14%  and  the  EOM  output  by  10%.  The  reason  for 
the  smaller  improvement  at  EOM  is  that  part  of  the  BOM  gain 
is  subsequently  lost  due  to  greater  degradation  rates  at  the 
higher  hot-junction  temperatures. 
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Figure  9  STC’s  11-Watt  Engine  and  Alternator. 

Low-power  Stirling  systems  are  practical  because  Stirling 
engines,  unlike  other  dynamic  systems,  can  retain  their  high 
efficiency  at  low  power  levels.  Thus  far,  the  STC  engine  and 
alternator  depicted  in  Figure  9  have  operated  autonomously  and 
stably  for  over  17,000  hours,  at  a  measured  efficiency  of  18.5%. 
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Clearly,  it  would  require  much  less  extrapolation  to  go  to  a  75- 
watt  system  from  11  watts  than  from  13  kilowatts.  Therefore, 
the  Department  of  Energy  asked  OSC,  to  perform  a  similar 
study  of  a  ~75-watt  space  power  system  based  on  derivatives  of 
STC’s  1 1-watt  engine  and  alternator  [19], 

STC  Subcontract.  To  support  the  above  system  study,  OSC 
extended  a  subcontract  to  STC  to  design  and  analyze 
derivatives  of  their  1 1-watt  engine  and  alternator.  Specifically, 
they  were  asked  to  design  engines  for  two  system  options.  Each 
option  employed  a  heat  source  with  a  thermal  power  of  500 
watts  BOM  and  468  watts  at  the  end  of  an  8.2-year  Pluto 
mission. 

In  one  system  option  the  heat  source  was  thermally  coupled  to 
two  engines,  and  in  the  other  it  was  coupled  to  four  engines.  In 
both  cases,  the  engines  were  to  be  sized  to  enable  the  system  to 
produce  full  design  power  (75  W  EOM)  after  failure  of  one 
engine.  Such  redundancy  is  deemed  essential  to  achieve 
acceptable  reliability  of  dynamic  power  systems. 

The  engine  and  alternator  designs  generated  by  STC  under  the 
OSC  subcontract  for  the  two  system  options  are  depicted  in 
Figure  9,  and  their  predicted  EOM  performance,  with  and 
without  an  engine  failure,  are  summarized  below: 

Table  3.  Engine  and  Alternator  Characteristics  (STC). 


1  2-Engine  Option 

4-Engine 

Option 

Engines  Failed 

0 

1 

0 

1 

Engines  Operating  ' 

2 

1 

4 

3 

Power  Output,  watts  IX) 

Per  Engine 

62.5 

124 

27.5 

35.7 

Total 

125 

124 

110 

107 

Conversion  Efficienev,  % 

27 

26 

24 

23 

Mass,  kg 

Per  Engine 

6.5 

1,6 

Total 

13.4 

6.7 

There  were  two  principal  reasons  why  OSC  asked  STC  for  a 
four-engine  design  option  in  addition  to  the  two-engine  option. 
It  was  felt  that  the  four  small  engines  were  closer  in  size  to 
STC’s  previously  demonstrated  11 -watt  engine,  and  therefore 
would  require  less  development.  Specifically,  the  11 -watt 
engine  had  not  employed  any  matrix  regenerators,  and  it  was 
hoped  that  this  would  also  be  possible  in  the  case  of  the  four- 
engine  configuration.  But  STC’s  analytical  results  showed  that 
omitting  the  regenerator  matrix  was  not  practical.  Even  for  the 
smaller  engines,  a  regenerator  matrix  is  required  for  efficient 
operation  of  the  75-watt  system  [20], 

However,  STC’s  subcontracted  study  (1994)  did  reveal  that, 
contrary  to  our  expectations,  the  mass  of  the  four  small  engines 
and  alternators,  in  spite  of  their  lower  efficiency,  were  much 
lower  than  that  of  the  two  large  engines.  This  would  not  be 
true  if  there  were  no  redundancy  requirement.  But  with  the 
redundancy  requirement,  the  two  engines  must  each  be  capable 
of  producing  100%  of  the  system’s  design  power,  whereas  the 
four  engines  each  need  only  be  able  to  produce  33%  of  design 
power.  Thus,  a  75-watt  output  can  be  redundantly  met  with 
two  75-watt  engines  or  with  four  25-watt  engines.  As  a  result, 
STC  found  that  the  four  small  engines  and  alternators  had  only 
half  the  mass  of  the  two  large  engines,  as  shown  in  Table  3. 
This  was  one  of  the  most  significant  findings  of  the  OSC- 
sponsored  STC  study.  Because  of  the  large  mass  difference,  the 
OSC  system  design  is  based  on  the  four-engine  option,  in  spite 
of  its  somewhat  lower  conversion  efficiency. 


2-Engine  Option 


4-Engine  Option 


Figure  10.  STC  Engine  and  Alternator  Designs. 

System  Design  and  Assembly.  The  OSC-generated  design 
and  assembly  sequence  of  the  Stirling  power  system  [9]  were 
based  on  two  main  ground  rules:  no  single-point  failures, 
which  means  that  the  system  can  continue  to  operate  at  or  near 
full  power  after  failure  of  one  engine/altemator  or  one  radiator 
heatpipe;  and  postponement  of  fueling  as  late  as  possible  in  the 
assembly  sequence  to  minimize  the  need  for  glove  box 
operations. 

Figure  11  shows  the  four  small  engines  being  inserted  into  the 
four  pxirts  of  the  heat  source  housing.  It  also  shows  an  inner 
hot-frame,  which  is  wrapped  with  multifoil  thermal  insulation 
and  inserted  into  that  housing,  where  it  is  supported  by  the  hot 
ends  of  the  four  engines.  That  frame  serves  to  collect  the  heat 
emitted  by  the  heat  source  and  deliver  it  to  the  engines’  hot 
ends,  and  also  serves  as  the  structural  support  of  the  heat 
source.  The  four  engines’  hot  sections  are  then  wrapped  in 
multifoil  thermal  insulation  and  inserted  into  the  housing  piorts. 


Figure  11.  Engines,  Housing,  and  Hot  Frame. 
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Before  insertion  of  the  heat  source  into  the  housing,  a 
segmented  radiator  is  attached  to  the  engines’  cold  ends.  The 
radiator  consists  of  four  quadrants,  one  of  which  is  shown  in 
exploded  view  in  Figure  12.  As  seen,  it  consists  of  an 
aluminum  honeycomb  core  with  an  embedded  copper/water 
heatpipe.  The  honeycomb  core  is  covered  with  aluminum 
skins,  which  in  turn  are  covered  with  high-conductivity 
graphitized  carbon-carbon  skins.  The  latter  material,  developed 
by  NASA’s  LeRC,  has  excellent  thermal  conductivity  at  a 
relatively  low  density  [21], 


Figure  12.  Exploded  View  of  Radiator  Quadrant. 

Each  quadrant’s  heatpipe  follows  a  quarter-circular  path,  and 
has  two  semi-circular  ends  which  are  brazed  to  copper  saddles. 
Those  saddles  are  then  bonded  to  the  heat  rejection  zones  of  the 
two  engines  that  adjoin  the  quadrant.  Thus,  each  of  the  four 
engines  is  cooled  by  two  radiator  quadrants,  and  each  quadrant 
is  connected  to  two  engines.  As  shown  in  Figure  13,  the 
bonded  assembly  forms  a  planar  double-sided  radiator.  The 
figure  also  depicts  the  two  GPHS  modules  ready  for  insertion 
into  the  insulated  housing.  This  operation  must  be  carried  out 
in  a  glove  box,  e.g.,  by  using  a  vacuum  tool  to  pick  up  the 
GPHS  modules.  The  glove  box  is  filled  with  an  inert  cover  gas. 

Finally  Figure  14  shows  the  assembly  after  insertion  of  the  heat 
source  modules,  ready  for  closure  by  the  multifoil-lined  top 
cover  of  the  housing.  Final  sealing,  except  for  a  gas 
management  valve,  is  by  0-ring  or  by  welding. 


Figure  13.  Insertion  of  Heat  Source  into  Housing 


Figure  14  .  Closure  of  Fueled  Generator. 

System  Analysis.  There  are  two  basic  system  design 
variables:  the  size  of  the  radiator  quadrants,  and  the  thidoiess 
of  their  carbon-carbon  face  sheets.  Increasing  either  variable 
increases  the  system’s  power  output  and  conversion  efficiency, 
but  also  its  mass.  Thus,  there  is  a  trade-off  between  system 
performance  versus  mass,  and  the  purpose  of  the  system 
analyses  is  to  quantify  that  trade-off. 

OSC  did  not  perform  an  independent  assessment  of  the 
Stirling  engine’s  and  linear  alternator’s  performance  but  used 
predictions  furnished  by  STC  [20],  since  those  predictions  were 
based  on  the  same  analytical  methods  they  had  used  to  design 
and  successfully  predict  the  measured  performance  of  their  11- 
watt  engine.  The  performance  predictions  which  STC  supplied 
to  OSC  had  been  based  on  an  80°C  heat  rejection  temperature. 
In  addition,  STC  had  furnished  data  on  the  effect  of  varying  the 
rejection  temperature  on  the  engine’s  power  output.  That  data 
was  inserted  into  OSC’s  detailed  (465-node)  thermal  analysis  to 
determine  the  effect  of  a  range  of  radiator  sizes  and  graphite 
skin  thicknesses  on  heat  rejection  temperature,  system  mass, 
EOM  power  output  and  system  efficiency,  and  specific  power 
(after  conversion  of  the  alternator’s  AC  output  to  28  volts  DC). 
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For  an  illustrative  radiator  radius  of  35  cm,  the  effect  of 
graphite  skin  thickness  on  system  performance  is  shown  in 
Figure  15.  As  can  be  seen,  the  specific  power  maximizes  at  a 
graphite  thickness  of  0.405  mm.  This  graphite  thickness  yields 
a  generator  mass  of  13.2  kg,  an  88°C  heat  rejection 
temperature,  a  108-watt  EOM  output  at  28V,  a  23%  system 
efficiency,  and  an  8.2  W/kg  specific  power.  For  thinner 
graphite  skins,  the  system’s  specific  power  diminishes  because 
of  increased  temperature  drops  in  the  radiator,  leading  to 
decreased  power  outputs  and  efficiencies.  For  thicker  graphite 
skins,  the  engines’  heat  rejection  temperature  decreases  and 
their  efficiency  increases,  but  the  system’s  specific  power 
diminishes  because  the  increase  in  system  power  and  efficiency 
is  not  enough  to  compensate  for  the  increased  mass  of  the 
radiator  face  sheets. 


GENERATOR  MASS,  hg 

Figure  15.  Effect  of  Graphite  Thickness  On  EOM 
Performance  of  Generator  with  35  cm  Radiator. 


Similar  analyses  were  performed  for  seven  radiator  radii, 
ranging  from  19  to  43  cm,  with  the  results  displayed  by  the 
seven  curves  of  Figure  15.  The  graphite  skin  thickness  is  the 
implicit  variable  in  each  curve.  The  envelope  tangent  to  those 
curves  represents  the  highest  power  output  for  a  given  mass,  or 
the  lowest  mass  for  a  given  EOM  power.  As  shown,  the 
specific  power  maximizes  with  a  39  cm  radiator  radius  and  a 
graphite  skin  thickness  yielding  a  13.5  kg  generator  mass. 
This  results  in  a  heat  rejection  temperature  of  75°C,  an  EOM 
output  of  112  watts,  a  system  efficiency  of  24%,  and  a  specific 
power  of  8.3  w/kg. 
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Figure  16.  Effect  of  Radiator  Size 
on  EOM  Performance  of  Unfaiied  System. 


The  results  presented  thus  far  Were  all  for  the  failure-free 
system,  with  all  four  engines  and  four  heatpipes  operational. 
Figure  17  shows  conesponding  results  after  one  engine  failure, 
and  Figure  18  shows  similar  results  after  one  heatpipe  failure. 
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Figur®  17.  EOM  Performance  of  System  with  Failed  Engine. 

As  shown  in  Figure  17,  the  failure  of  one  engine  has  only  a 
minor  effect  on  system  pterformance,  because  the  alternators’ 
electronic  control  systems  will  automatically  adjust  the  stroke 
of  the  unfailed  engines  to  raise  their  output  by  33%,  thus 
maintaining  design  power. 
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Figure  18.  EOM  Performance  of  System 
with  Failed  Heatpipes. 

Figure  18  shows  that  the  failure  of  one  heatpipe  would  cause  a 
significant  drop  in  the  system’s  power  output,  and  is  therefore 
the  controlling  case.  But  that  effect  could  be  avoided  by  install¬ 
ing  two  redundant  heatpipes  per  radiator  quadrant,  although 
that  would  result  in  a  small  increase  of  the  system’s  mass. 

As  shown  in  Figure  17,  the  EOM  specific  power  of  the  system 
with  one  failed  engine  maximizes  at  8  w/kg  with  a  radiator  of 
39  cm  radius.  As  shown,  that  results  in  a  generator  mass  of 
13.5  kg  and  a  heat  rejection  temperature  of  79°C,  and  yields  an 
EOM  system  efficiency  of  23%  and  output  power  of  108  watts 
at  28  VDC. 

But  that  108-watt  output  is  well  above  the  Pluto  mission’s  75- 
watt  EOM  goal,  which  itself  contains  allowances  for  20% 
contingencies  plus  10%  margins.  As  shown,  Pluto’s  75-watt 
EOM  goal  can  be  met  (actually  exceeded)  with  a  substantially 
smaller  generator  having  a  23-cm  radiator  radius  and  weighing 
12.4  kg.  Such  a  radiator  would  result  in  a  heat  rejection 
temperature  of  176°C  at  the  engines’  cold  ends,  and  yield  a 
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system  efficiency  of  1 8%  and  EOM  power  of  84  watts  at  28 
VDC.  A  cross-sectional  overview  of  that  smaller  system  is 
depicted  in  Figure  19,  and  Table  4  presents  its  mass 


Table  4.  Stirling  System  Mass  Summary, 


Components 

hg 

Heat  Source  -  2  GPHS 

2.894 

Heat  Collector  (Mo) 

0.609 

Multifoil  Insulation  (Mo/Zr02) 

0.441 

Housing  &  Cover  Plate  (Al) 

0.768 

Stirling  Engine  &  Alternator  (4) 

7.067 

Radiator  (Al/C/C) 

0.570 

Fasteners  &  Hardware 

0.035 

TOTAL 

12.384 

ThermophotovoMaic  System  Study 

System  Design.  This  subsection  briefly  reviews  the  design  of 
the  power  system  (consisting  of  a  radioisotope  heat  source,  TPV. 
converter,  heat  rejection  radiator)  and  its  integration  with  the 
Pluto  spacecraft.  These  were  described  more  fully  in  other 
papers  [6,7],  Optical,  thermal  and  electrical  analyses  and 
optimization  of  the  integrated  system  are  discussed  in 
subsequent  sections. 

The  RTPV  generator  design  is  based  on  the  use  of  two  GPHS 
modules,  which  would  be  a  two-thirds  reduction  from  the  six 
modules  used  in  the  RTG  design  for  the  Pluto  mission  [1], 

As  shown  in  Figure  20,  the  two  GPHS  modules  are  enclosed  in 
a  common  molybdenum  canister.  The  inside  of  the  canister's 
end  caps  is  lined  with  iridium  as  a  reaction  barrier  between  the 
graphite  and  molybdenum,  and  the  outside  of  its  side  walls  is 
coated  with  tungsten  to  minimize  sublimation.  To  reduce  the 
temperatures  in  the  heat  source,  the  inside  of  the  canister's  side 
walls  are  roughened  to  raise  their  effective  total  emissivity  to 
0.60.  So  is  the  walls'  outside,  for  reasons  explained  in 
previous  papers  [5,6,7], 


Figure  20.  Exploded  View  of  Converter. 

Figure  20  presents  an  exploded  view  of  the  two-module  heat 
source  and  of  the  thermophotovoltaic  converter,  and  lists  their 
components’  construction  materials.  As  indicated,  the  canister's 
two  end  faces  are  thermally  insulated  by  a  multifoii  assembly, 
consisting  of  60  layers  of  0.008  nun  Mo  foils  separated  by 
ZrOz  spacer  particles,  similar  to  those  used  in  preMous 
thermoelectric  converters.  Our  analysis  showed  tliat  only  2.2% 
of  the  thermal  power  is  lost  through  the  raultifoi!  insulation. 

As  indicated  in  Figure  20,  each  of  the  canister’s  four  side  faces 
radiates  heat  to  a  photovoltaic  array  of  8x8  closely  spaced 
gallium  antimonide  cells,  slightly  over  1  cm’’  eac.li.  The  canister 
side  walls  and  planar  arrays  of  filtered  PV  cs.lls  are  parallel  to 
each  other  and  closely  spaced  to  provide  a  good  view  factor  for 
radiative  interchange.  The  spacing  beriveen  the  PV  cells  is  tiie 
minimum  necessary  for  the  desired  series-paraliei  cormecrioiis. 
The  ceils  on  each  face  are  bonded  to  a  BeO  substrate,  vrhich  in 
turn  is  bonded  to  the  generator’s  aluminum  side  wall. 

Each  of  the  four  cell  arrays  is  covered  with  a  spectrally 
selective  infra-red  filter  [22,23],  to  permit  the  transmission  of 
those  wavelengths  which  can  be  efficiently  converted  to 
electricity  by  the  PV  cells,  and  the  reflection  of  those 
wavelengths  that  cannot.  Much  of  the  reflected  radiation  is 
absorbed  by  the  heat  source  canister,  which  then  re-emits  it 
with  a  full  spectral  distribution.  Thus,  the  unused  reflected 
energy  is  conserved,  which  reduces  the  energy  to  be  supplied  by 
the  radioisotope  heat  source  and  greatly  increases  the  efficiency 
of  the  generator.  Hence,  the  selective  filter  is  a  vital  element 
of  this  RTPV  system. 
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Each  of  the  generator’s  four  PV  cell  arrays  is  covered  with  a 
resonant  gold  filter.  The  filter  consists  of  a  continuous  thin 
gold  film  deposited  on  a  transparent  substrate  (e.g.,  sapphire), 
about  10  cm  x  10  cm,  containing  over  two  hundred  million 
submicronic  holes  per  cm^  in  its  active  regions  (i.e.,  opposite 
each  PV  cells).  The  size,  spacing,  and  gcometiy  of  the  hole 
pattern  determines  the  performance  of  the  resonant  filters. 

Since  the  heat  source  modules  are  contained  in  a  monolithic 
canister,  unlike  the  stack  of  unsupported  modules  used  in 
preceding  RTGs  [24],  there  is  no  need  for  a  complex  axial 
preload  mechanism  to  hold  the  stack  together  during  launch 
vibration.  As  indicated  in  Figure  20,  each  of  the  canister's  two 
end  faces  is  supported  by  a  pair  of  diagonally  opposed  low- 
conductivity  zirconia  balls.  The  diagonal  locations  at  the  two 
end  faces  are  orthogonal  to  each  other.  The  zirconia  balls 
penetrate  through  the  multifoil  thermal  insulation,  and  are 
seated  in  spherical  indentations  on  the  outside  of  the  canister 
end  caps,  and  on  the  inside  of  the  generator  housing  end  caps. 
Thus,  they  provide  both  axial  and  lateral  support  to  the  heat 
source.  For  the  dimensions  shown,  our  analysis  showed  that 
only  0.5%  of  the  heat  source's  thermal  power  is  lost  through  the 
zirconia  support  balls.  Hence,  over  97%  of  the  generated  heat 
arrives  at  the  converter. 

The  converter's  256  PV  cells  are  arrayed  in  a  series-parallel 
matrix.  At  each  horizontal  level,  the  cells  are  parallel- 
connected  in  groups  of  four,  and  these  groups  of  parallel  cells 
are  series-connected  to  groups  in  adjacent  horizontal  levels. 
Thus,  each  generator  side  has  two  series-parallel  networks  of 
8x4  cells,  and  the  generator's  eight  networks  are  connected  in 
series  with  each  other  to  form  a  64x4  series-parallel  network, 
for  a  total  output  of  approximately  28  volts. 

Heat  Rejection  System.  The  RTPV  needs  much  larger 
radiator  fins  than  typical  RTGs,  because  they  must  operate  at 
much  lower  heat  rejection  temperatures  to  achieve  their  high 
efficiencies.  The  optimum  dimensions,  i.e.,  the  dimensions 
that  maximize  the  system's  specific  power,  were  determined  by 
detailed  analyses  described  later.  Detailed  analyses  are 
warranted  because  the  radiators  are  the  biggest  mass 
component  of  the  RTPV  system. 

Figure  21  shows  an  exploded  view  of  the  generator  and  of  one 
of  the  four  radiator  fins,  with  typical  dimensions.  As  shown, 
there  is  a  large  trapezoidal  fin  bonded  to  each  side  of  the 
converter  housing.  The  exploded  fin  view  shows  a  central  core 
consisting  of  an  aluminum  honeycomb  with  two  embedded 
AI/NH3  heat  pipes.  To  each  face  of  the  honeycomb  core,  two 
skins  are  bonded:  an  inner  skin  of  aluminum  which  has 
minimal  thickness  over  most  of  its  length,  but  is  thickened  near 
the  fin  root  to  provide  increased  structural  strength  for  resisting 
bending  moments  during  launch;  and  an  outer  skin  consisting 
of  a  graphitized  carbon-carbon  composite  to  provide  high 
thermal  conductance  in  the  fiber  direction.  The  graphite  fibers 
are  oriented  in  the  vertical  direction,  normal  to  the  heat  pipes' 
axes.  In  that  direction  they  have  a  thermal  conductivity  twice 
that  of  coppier,  at  about  one  fourth  its  density  [21],  They  serve 
to  distribute  the  heat  from  the  heat  pipes  over  the  width  of  the 
fin.  They  also  provide  the  fin  with  high-emissivity  surfaces. 


Figure  21 ,  Exploded  View  of  RTPV  Generator 
and  of  Radiator  Fin. 


Finally,  we  need  to  examine  whether  these  large  fin  sizes  could 
really  be  accommodated  on  JPL’s  Pluto  spacecraft  design, 
which  is  shown  in  Figure  22.  An  earlier  design  had  located 
the  high-gain  antenna  at  the  top  of  the  spacecraft,  but  this  has 
now  been  moved  to  the  side  as  shown.  This  frees  up  the  space 
on  top  for  mounting  the  optimized  RTPV  generator  with  its  75 
cm-long  fins.  As  shown,  when  the  generator  is  rotated  45 
degrees  about  its  axis,  its  fins  clear  the  antenna. 


Figure  22.  Optimized  RTPV  Generator 
Mounted  on  Top  of  Pluto  Spacecraft. 


Alternative  Arrangement.  An  alternative  design  arrangement  to 
minimize  system  mass,  suggested  by  A.  Newhouse,  is  depicted 
in  Figure  23.  It  calls  for  merging  the  RTPV  radiator  with  the 
parabolic  high-gain  antenna  of  the  Pluto  spacecraft.  Both  of 
these  components  employ  carbon-carbon  face  sheets,  stiffened 
respectively  by  aluminum  heat-pipes  and  ribs. 
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As  indicated,  the  radiator's  high-conductivity  fibers  would  be 
oriented  in  a  circumferential  direction,  normal  to  its  eight  heat 
pipes.  Merging  the  radiator  and  antenna  would  eliminate  the 
need  for  the  radiator's  aluminum  honeycomb  and  face  sheets, 
since  the  radiator  would  be  supported  by  the  antenna's 
stiffening  ribs,  and  since  a  parabolic  dish  is  inherently  much 
stifFer  than  a  cantilevered  planar  fin.  As  will  be  shown,  this 
arrangement  -  if  feasible  -  would  substantially  raise  the 
specific  power  of  the  RTPV  system. 


Figure  23.  RTPV  Generator  and  Pluto  Spacecraft 
with  Common  Radiator/Antenna. 

Effect  of  Filter  and  Cell  Improvements.  As  described  in 
detail  in  previous  publications  [5,6,7],  analysis  of  the  RTPV 
generator  requires  three  sets  of  wavelength-dependent  data:  the 
emissivity  of  the  heat  source  canister,  the  quantum  efficiency  of 
the  PV  cell,  and  the  reflectivity  of  the  IR  filter.  For  the  latter 
two,  OSC’s  previous  study  employed  measured  and  projected 
performance  models  supplied  to  us  by  Boeing  (now  EDTEK) 
persoimel  in  1993  [5],  The  effect  of  those  models  is  depicted  in 
Figure  24,  which  presents  plots  of  the  converter’s  output  power 
density  versus  input  heat  flux  for  the  projected  and  measured 
filter  and  cell  performance  models  (for  an  illustrative  0°C  cell 
temperature).  The  figure  also  shows  lines  of  constant 
conversion  efficiency  and  the  effect  of  heat  flux  on  source 
temperature.  As  can  be  seen,  for  a  given  heat  flux  the  projected 
filter  and  cell  models  yield  much  higher  conversion  efficiencies 
than  the  measured  models.  Therefore,  OSC  initiated  a 
subcontract  at  EDTEK  to  develop  improved  filters  and  cells, 
and  to  demonstrate  what  performance  improvements  can 
actually  be  achieved. 


Figure  24.  Effect  of  Projected  Cell  and  Filter  Improvements  on 
Conversion  Efficiency  fo;-  Same  Heat  Fiux. 


In  Figure  24  the  differences  between  the  first  and  second  curves 
and  between  the  third  and  fourth  curves  represent  the  effect  of 
projected  cell  improvements;  and  the  differences  between  the 
first  and  third  curves  and  between  the  second  and  fourth  curves 
represent  the  effect  of  projected  filter  improvements.  Clearly, 
the  efficiency  gain  produced  by  the  projected  filter 
improvement  is  much  greater  than  that  yielded  by  the  projected 
cell  improvement,  Therefore,  OSC  requested  that  EDTEK  give 
higher  priority  to  filter  improvement  than  to  cell  improvement. 

The  EDTEK  subcontract  started  in  the  fall  of  1994,  and  several 
of  the  filters  made  to  date  (May  1995)  demonstrate  very 
encouraging  improvement  over  the  filter  measured  in  1993. 
Their  performance  has  closed  75%  of  the  gap  between  the  1993 
measured  and  projected  performances.  This  enhances  our 
confidence  in  achieving  the  projected  performance  levels  in 
EDTEK’s  continuing  filter  and  cell  improvement  studies  [25]. 

Parametric  System  Analysis  and  Optimizatiom.  Analysis  of 
the  power  system,  including  its  heat  rejection  system,  requires 
coupled  optical,  thermal,  and  electrical  analyses.  These 
analyses  were  described  in  detail  in  previous  reports 
[5,6,7],were  carried  out  by  means  of  a  thermal  analysis  code 
(SINDA  [26])  that  had  been  modified  by  OSC,  and  by  a 
standard  thermal  radiation  code  (SSPTA  [27]).  For  the  former 
we  constructed  a  197-node  model,  and  for  the  latter  a  model 
consisting  of  496  surfaces. 

In  the  coupled  analysis,  the  heat  generation  rate  is  Imown,  but 
the  heat  source  surface  temperature  and  ceil  temperature  are 
not.  Therefore,  the  analysis  must  be  earned  out  iteratively.  In 
each  iteration,  the  two  thermal  codes  compute  a  new  set  of 
canister  and  cell  temperatures,  which  are  used  as  inputs  in  the 
next  iteration.  This  iterative  procedure  is  repeated  until  the 
modified  code  converges  on  a  consistent  solution. 

For  a  fixed  heat  source  thermal  power  and  converter  design,  the 
only  other  system  design  parameters  are  the  size  of  the  radiatG.r 
fins  and  the  thickness  of  the  high-conductivity  carbon-carbon 
face  sheets  (see  Figure  21).  Increasing  either  of  tiiose 
parameters  will  lower  the  cell  temperature,  which  increases  the 
power  output  and  efficiency.  But  this  benefit  is  obtaiaed  at  the 
cost  of  increased  system  mass.  Thus,  the  system  design 
requires  a  trade-off  betv/een  s;ystem  mass  and  performance 
(efficiency,  power  output).  The  goal  of  the  optimization  study 
is  (o  determine  the  radiator  dimensions  which  maidmize  the 
power  system’s  specific  power.  As  was  explained  in  detail  in 
the  previous  papers  [5,6],  the  mass  of  ffie  radiator  fins  inciiides 
an  allowance  for  thickening  the  alHminim  hoasycornb  skins 
near  the  fin  roots,  to  enable  the  cantilevsfcd.  fins  to  vvithstoad 
the  bending  moments  during  launch  vifcratioi:!. 

Effect  of  Graphite  Skin  Thkkmegg.  Let  us  first  examine  the 
effect  of  varying  the  graphite  skin  thickness  on  system 
characteristics  for  a  set  of  illustrative  radiator  fin  dimensions. 
For  a  75  cm  root-to-tip  fin  length,  a  50  cm  tip  height,  a  9.5  mm 
honeycomb  thickness,  a  0.076  mm  aluminum  slcin  thickness, 
and  a  converter  with  90%  active  cell  area,  the  effect  of  varying 
the  graphite  skin  thickness  from  0  to  0.76  mm  is  illustrated  in 
Figure  25.  The  figure  shows  the  effect  of  graphite  skin 
thickness  on  system  mass,  cell  temperature,  output  power, 
system  efficiency,  and  specific  power.  In  each  of  the  three 
figures,  the  solid  curve  represents  results  based  on  measured 
values  of  SCAN-A  filter  transmittance  and  cell  quantum 
efficiency,  the  dotted  curve  is  based  of  SCAN-A  filter  and 


projected  cell  performance,  and  the  dashed  curve  is  based  on 
projected  values  of  the  two. 

As  shown  in  Figure  25,  for  each  performance  model  the  initial 
addition  of  the  graphite  skins  lowers  the  cell  temperature  which 
increases  the  output  power  and  efficiency  significantly,  but  after 
adding  a  surprisingly  small  thickness  (typically  0.15  mm) 
further  additions  of  graphite  only  increase  the  mass  with  little 
further  increase  of  power  or  efficiency. 

GRAPHITE  SKIN  THICKNESS,  mm 


0  .1  .2  .3  .4  .5  .6  .7  .8 
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Figure  25.  Effect  of  Graphite  Skin  Thickness. 

Effect  of  Radiator  Fin  Dimensions.  Simitar  analyses  were 
carried  out  for  fin  lengths  ranging  from  50  to  100  cm  and  for 
fin  tip  heights  of  30  and  50  cm.  The  results  for  all  cases 
showed  similar  trends,  confirming  the  previous  conclusion  that 
the  specific  power  of  the  design  is  maximized  at  a  graphite  skin 
thickness  around  0.15  mm.  With  thicker  graphite  skin,  the 
increase  in  power  output  is  quite  small  and  is  outweighed  by 
the  increased  graphite  mass. 

The  results  of  the  parametric  design  smdies  are  displayed  in 
Figure  26  and  27.  Both  figures  show  curves  representing  the 
results  of  thermal,  electrical,  and  mass  analyses  for  fin  lengths 
ranging  from  50  to  100  cm  and  fin  tip  heights  ranging  from  30 
to  50  cm,  with  the  graphite  skin  thickness  as  the  implicit 
variable  within  each  curve.  Each  point  on  each  curve  is  the 
result  of  an  iterative  solution  of  the  coupled  thermal  and 
electrical  analyses,  using  the  modified  thermal  analysis  code 
described  earlier.  All  curves  assume  aluminum  skins  varying 
from  0.08  mm  at  the  fin  tip  to  whatever  is  needed  near  the  fin 
root  to  survive  a  40-g  launch  load  without  exceeding  the 
allowable  stress  limit. 


Figure  26  shows  plots  of  cell  temperature  versus  generator 
mass.  For  each  fin  size,  the  upper  curve  is  based  on  the 
measured  (SCAN-A)  filter  transmittance  and  the  projected  PV 
quantum  efficiency  model,  and  the  lower  curve  is  for  the 
projected  filter  and  cell  characteristics.  As  can  be  seen,  the 
larger  fins  lead  to  very  low  cell  temperatures,  but  at 
substantially  higher  masses. 


Figure  26.  Effect  of  Fin  Dimensions  on  Ceii  Temperature 

The  trade-offs  between  mass  and  performance  for  the  measured 
and  projected  filters  are  summarized  in  Figure  27.  For  each  fin 
size,  it  presents  curves  of  output  power  and  system  efficiency 
versus  generator  mass,  with  graphite  skin  thickness  as  the 
implicit  variable.  It  also  shows  diagonal  lines  of  constant 
specific  power,  which  identify  the  fin  dimensions  that 
maximize  the  generator's  specific  power. 


Figure  27.  Effect  of  Filter  on  System  Performance 
for  Various  Radiator  Sizes. 


For  each  filter  and  cell  performance  model,  the  figure  shows  a 
family  of  performance  curves  for  different  fin  dimensions  and  a 
tangent  envelojje  curve,  with  indicated  cell  temperamres  at 
their  point  of  tangency.  For  each  performance  model,  the 
conesponding  envelope  curve  represents  the  highest  specific 
power  that  can  be  achieved  by  optimizing  the  system’s  radiator 
geometry.  For  every  point  on  the  envelope,  there  is  some 
combination  of  fin  length,  fin  tip  height,  and  graphite  skin 
thickness  that  will  achieve  the  indicated  performance. 

Comparison  of  the  three  envelopes  shows  that  EDTEK’s 
improved  filter  (SCAN-A)  has  already  succeeded  in  closing 
~75%  of  the  performance  gap  between  their  1993  measured  and 
projected  filters. 
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As  seen  in  Figure  27,  for  all  three  performance  models  the 
system's  specific  power  is  maximized  with  a  75  cm  fin  length 
and  50  cm  fin  height.  But  note  that  this  optimum  is  quite 
broad.  As  illustrated  in  Table  5,  major  deviations  from  the 
optimum  design  result  in  only  modest  reductions  in  specific 
power.  Thus,  the  designer  has  wide  latitude  in  trading  off 
power  and  efficiency  versus  mass  and  size  to  meet  specific 
mission  goals. 

For  example,  for  the  projected  filter  and  cell  performance,  the 
BOM  power  could  be  raised  from  115  watts  to  125  watts  by 
lengthening  the  fins  from  75  cm  to  100  cm.  As  shown,  this 
would  increase  the  generator's  mass  from  7.0  to  8.0  kg,  but 
would  only  decrease  its  specific  power  from  16.4  to  15.7  w/kg. 
Conversely,  if  desired  the  generator  mass  could  be  reduced 
from  7.0  kg  to  5.8  kg  by  reducing  the  fin  size.  As  shown,  this 
would  reduce  the  BOM  power  from  1 15  watts  to  90  watts,  but 
would  only  lower  the  generator's  specific  power  from  16.4  to 
15.6  w/kg. 

Table  5.  Effect  of  Off-Optimum  Design  on  RTPV  Performance. 


Goal 

Low 

Mass 

Max  Sp 
Power 

High 

Power 

Fin  Length,  cm 

50 

75 

100 

Fin  Tip  Height,  cm 

30 

50 

50 

Cell  Temperature,  “C 

63 

5 

-17 

Power  (BOM),  Watt 

90 

115 

125 

Efficiency  (BOM),  % 

18.1 

23.1 

25.0 

System  Mass,  kg 

5.8 

7.0 

8.0 

Specific  Power,  W/kg 

15.6 

16.4 

15.7 

Even  better  performance  may  be  achievable  by  employing  the 
combined  radiator/antenna  scheme  depicted  in  Figure  23. 
Comparative  results  for  trapezoidal  fins  (dashed  lines)  and 
parabolic  fins  (solid  curves)  are  depicted  in  Figure  28,  There 
are  two  performance  curves  for  each  geometry.  In  each  case, 
the  lower  curve  is  for  the  measured  filter,  and  the  upper  curve 
is  for  the  projected  filter.  As  can  be  seen,  the  parabolic 
combined  filter/radiator  yields  much  higher  performance  than 
the  previous  trapezoidal  radiators.  In  fact,  the  performance  of 
the  system  with  a  parabolic  radiator  and  the  measured  filter  is 
actually  better  than  that  of  a  system  with  trapezoidal  radiators 
and  the  projected  filter. 


GENERATOR  MASS,  kq 


Figure  28.  Effect  of  Radiator  Geometry  and 
Filter  on  System  Performance. 


CONCLUSION 

Finally,  the  performance  of  the  three  system  options  are 
compared  in  Figures  29  and  30,  These  were  obtained  by 
combining  Figure  28  for  the  RTPV  option  with  the  envelope  of 
Figure  16  for  the  Stirling  option  and  with  the  three  RTG  point 
design  results  (for  BOM  and  Russian  fuel)  from  Table  1. 
Figure  29  compares  the  system  efficiency  of  the  three  options 
and  Figure  30  compares  their  power  output  and  specific  power. 
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Figure  29.  Comparative  System  Efficiency  of  Three  Options. 
As  can  be  seen,  both  of  the  advanced-technology  options 
(RTPV  and  Stirling)  have  much  higher  system  efficiencies  than 
the  thermoelectric  option,  with  consequent  reduction  in  the 
number  of  heat  source  modules.  In  fact  the  efficiency  of  the 
Stirling  system  is  as  great  as  that  of  the  thermophotovoltaic 
system  with  trapezoidal  radiator  fins,  but  its  mass  is  more  than 
twice  as  high,  though  not  as  high  as  that  of  the  thermoelectric 
system. 
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Figure  30.  Comparative  Power  Output  and 
Specific  Power  of  Three  Options. 

Finally.  Figure  30  shows  that  the  RTPV  system  offers  a  much 
higher  specific  power  than  the  Stirling  system  at  its  current 
state  of  technology.  The  high  mass  of  the  Stirling  system  is 
primarily  due  to  the  massiveness  of  the  linear  alternator’s 
magnetic  components.  STC  has  design  concepts  for  greatly 
reducing  the  mass  of  those  components,  but  those  concepts  are 
still  unproven  and  were  not  used  in  the  OSC  studv. 


The  main  conclusion  is  that  the  advanced  conversion  technoi- 
ogies,  reportedly  including  AMTEC,  promi.se  much  higher 
specific  powers  and  system  efficiencies  than  the  far  more 
mature  silicon-germanium  thermoelectric  systems.  That  is  why 
DOE  and  NASA  are  pursuing  the  development  of  tliosc 
technologies.  If  one  or  more  of  those  technologies  are  success- 
fuily  developed,  thermoelectric  systems  will  clearly  require  a 
step  change  rather  than  marginal  improvements  to  be 
competitive. 
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The  possibility  of  creation  of  so-called  "built-in"  NR-TEG  power  sjstem  has  been  considered.  The  complex  of  theoretical  and 
experimental  investigations  of  nuclear  irradiation  influence  (thermal  and  fast  nuclear  reactor  neutrons  and  modeling  space  irradiation 
including)  on  its  physical  properties  has  been  performed  to  meet  the  resource  requirements  in  the  severe  conditions  of  the  outer  space 
and  nuclear  reactor  irradiation.  The  methods  of  prediction  and  improvement  materials  radiation  stability  have  been  elaborated.  The 
method  of  "in-pile"  material  parameters  regeneration  has  been  also  experimentall}'  verified.  From  the  effectiveness  point  of  view  the 
optimal  "built-in"  NR-TEG  power  range  is  from  50  to  500  kWe, 


Introduction 

The  main  reason  of  enforced  attention  to  methods  of  direct 
thermal  energy  transformation  is  occurrence  of  new  specific  areas 
of  electrical  energy  sources  application.  That  is  requiring 
combination  of  such  qualities,  as  compactness,  high  reliability, 
long  life  and  autonomity,  high  specific  power  of  the  generating 
system,  profitability'  and  absence  of  necessity  in  constant 
maintenance  service.  To  areas  of  such  devices  application  first  of 
all  concern  development  of  space  and  global  ocean  exploration. 
The  advantages  of  thermoelectrical  way  of  thermal  energy 
transformation  are  caused  by  successes  achieved  in  the  last  years 
in  the  field  of  solid  state  physics  and  semiconductor 
thermoelectric  materials  technology.  In  comparison  with  other 
types  of  direct  energy  transformation  devices,  in  particular,  with 
thermoionic,  thermoelectric  generators  (TEG)  have  already  being 
tested  more  than  50  years  at  various  levels  of  power  under 
different  conditions  of  operation. 

The  development  of  increased  power  TEG  is  possible  only  on  the 
basis  of  the  nuclear  reactor  (NR)  practically  of  a  unique  source  of 
energy,  by  use  of  which  the  power  is  not  limited. 

The  nuclear  reactor  -  thermoelectric  generator  (NR-TEG)  have 
beside  of  properties,  putting  fonvard  them  in  number  the  most 
perspective  for  transport  objects.  To  these  properties  concern: 
-static  cliaracter  of  the  electric  power  reception  and  source  of  heat, 
independent  from  e.xternal  conditions; 

-absence  of  mechanisms  with  rotating  parts,  extended  pipelines 
under  pressure,  phase  conversions  of  working  body  -  that  raise 
reliability  of  device  and  reduce  its  acoustic  field; 

-compactness  of  installation,  simplicity  of  regulation  and  sersdee. 
opportunity  of  long  work  without  service. 

There  are  several  NR-TEGs,  at  creation  of  which  various  physical 
principles  were  realized.  They  are  "Romashka"  (former  USSR) 
[1),  SNAP-lOA  (USA)  and  well-known  perspective  American  SP- 
100  of  increased  power.  In  "Romashka",  the  heat  generated  in  the 
active  core  of  the  fast  neutrons  reactor  was  transferred  to  the 
thermoelectric  battery,  located  on  an  outside  surface  of  berillium 
reflector.  In  American  project  SP-100  a  new  principle  of 
conjunction  NR  with  TEG  has  been  used  -  transport  of  heat  from 
active  core  by  high-temperature  lithium  filled  heat  pipes  [2,3], 
Besides  that,  some  other  so-called  "taken-out"  types  of  NR-TEG 
exist,  when  the  heal  from  the  active  core  of  the  nuclear  reactor  is 
taken  out  by  means  of  the  heat-carrier  and  TEG  is  placed  outside 
of  active  core  on  tubes  with  the  circulating  heat-carrier  (for 
example.  "Gamma"  installation).  However,  as  result  of  accounts 
has  shown,  power  of  such  installations  is  essentially  limited  by  the 
level  of  50  kWe. 

The  purpose  of  the  TEG  specific  characteristics  increasing  can  be 
solved  by  modelling  of  the  thermoelectric  materials  parameters 


and  scheme-technological  decision  of  NR-TEG  as  a  whole.  One  of 
the  possible  ways  is  use  of  so-called  "built-in"  NR  TEG  scheme 
when  TEG  is  placing  in  active  core  with  direct  thermal  contact 
with  nuclear  fuel.  It  excludes  the  heat  losses  connected  with  heat 
transfer  and  transport  of  the  heat  (fuel  element  -  thermo  bearer  - 
hot  solders  of  thermoelements)  and  hence  power  tension  of  device 
is  increasing  essentially. 

The  "built-in"  NR-TEG  (Fig.  1)  offers  opportunities  of  more 
complete  use  of  the  nuclear  reactor  thermal  potential,  application 
middle  and  high-temperature  materials  for  thermoelectric 
batteries  up  to  I500K.  It  is  obvious,  that  the  "built-in"  system 
profitability  will  be  higher,  than  "taken  out",  especially,  if  to  use 
"taken  out"  TEG  as  the  second  cascade. 

Fig.  l  .Pos.sible  configuration  of  "built-in"  NR-TEG. 


Carried  out  theoretical  accounts  have  shown  the  usefullness  of 
"built-in"  type  of  NR-TEG  for  levels  of  power  from  50  to  500 
kWe, 

Naturally,  that  in  such  a  way  the  increase  of  the  specific  power 
characteristics  is  reached  by  the  price  of  uranium  load  increase 
due  to  entering  into  the  active  core  of  the  thermoelectrical, 
insulating  and  constnictional  materials.  Besides  there  is  the  whole 
number  of  additional  questions  of  technology,  radiation  stability, 
physical-chemical  saimpatibility  of  TEG  materials  and  active  core 
materials.  Therelsi?;' «jt  research  of  the  possibility'  of  operation  of 
thermoelectric  comf'erter  in  the  active  core  it  is  necessary  to  study 
as  behaviour  of  separate  NR-TEG  subsystems,  and  their 
compatibility'  under  irradiation.  Thus  major  problems  are: 

-research  of  speed  of  physical  properties  change  of  elements, 
subsystems  and  thermoelectric  converter  as  a  whole  under 
operation  in  active  core  conditions; 

-investigation  of  thermoannealing  modes,  degree  and  multiplicity' 
of  induced  radiation  defects; 

-estimation  of  acceleration  of  irreversible  degradation  connected 
with  diffusion  of  doping  impurities  and  basic  matrix  elements; 


« 
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-estimation  of  compatibility'  of  TEG  elements  (basic  of  which  arc 
semiconductor  thermoelectric  materials)  and  elements  of  the 
active  core  of  the  nuclear  reactor. 

Since  the  radiation  solid  stale  physics  has  not  yet  sufficient 
predictional  force  now,  it  is  necessary  to  investigate 
experimentally  behaviour  of  separate  subsystems  and  elements  in 
the  field  of  nuclear  radiation  in  diverse  precisely  set  external 
conditions  (temperature,  temperature  gradient,  content  of  gas 
environment,  load  level,  regimes  of  heating,  cooling,  annealing 
etc.).  And  the  external  conditions  for  subsystems  should  match 
other  requirements  of  optimum  operation  of  all  NR-TEG  system. 
That  means  certain  sequence  and  interrelation  of  tests  of 
subsystems  and  device  as  a  whole. 


l.Thermoelectric  materials. 


At  the  first  stage  of  work  well-known  thermoelectric  materials  of 
middle  and  high-temperature  ranges  of  operation  on  the  basis  of 
lead  and  germanium  chalcogenides  (PbTe,  GeTe,  PbSe)  and  their 
solid  solutions,  self-doped  p-Cu2.5Se  and  cadmiun-doped  p- 
CujSe,  some  materials  based  on  3-d  transition  metal  higher 
silicides  (p-MnSii  71.1 75-higher  manganese  silicide  (HMS),  n-,  p- 
FeSij,  CrSi2),  and  also  n-,  p-SiGeQ  3  doped  with  phosphorus  and 
boron  were  investigated.  Temperature  dependence  of  main 
thermoelectric,-!  parameters  of  these  materials  are  shown  on 
Fig.2,  where; 

a  -  the  Seebeck  coefficient,  a  -  electrical  conductivity,  p  -  specific 
electrical  resistivity,  k  -  thermal  conductivity,  Z=a^a/K  -  figure  of 
merit,  ZT  -  the  dimensionless  figure  of  merit,  -  the 

electrical  power  factor. 


Fig.2.  Temperature  depeiidecies  of  the  main  thermoelectric 
parameters  for  several  materials. 
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Along  with  R&D  in  the  field  of  technology  of  semiconductor 
tliennoelectric  materials,  directed  on  improving  of  their 
tliermoelectrical  panuneters,  accounts  and  analysis  of  nuclear 
reactions  with  thermal  neutrons  for  all  elements  of  basic  matrixes 
of  semiconductor  thermoelectric  materials,  doping  and  probable 
uncontrollable  impurities  have  been  carried  out. 

After  completion  of  reactor  and  post-reactor  experiments  the 
technological  researches  have  developed  in  the  main  following 
directions: 

-specification  of  composition  of  high-temperature  silicon- 
germanium  alloys, 

-search  of  composition  of  the  most  effective  p-type  thermoelectric 
materials  based  on  HMS  by  combined  doping  (Mo,  W,  Ge,  Al), 
-development  of  technology  of  new  radiation-proof  materials  n- 
and  p-lypes  of  conductivity  based  on  solid  solutions  of  HMS  and 
transitive  elements  of  Fe  group. 


-development  of  technology  of  new  effective  materials  of  n-t)'pe 
conductivity  on  the  basis  of  Mn-Al-Si  system, 

-R&D  of  new  technological  methods  (extnision  and  mechanical 
activation). 

Fig.3. Figures  of  merit  for  some  investigated  materials. 


Z  xio’ K‘' 


2.Tccluiique  and  instrumental  providing  of  reactor  and  post¬ 
reactor  experiments. 

The  irradiation  of  experimental  specimens  of  iherniocicciric 
materials  was  made  in  the  active  core  of  the  water-water  nuclear 
reactor  WWR-MIO  (thermal  power  lOMW)  in  "dry"  vertical 
channels  of  the  active  core.  The  samples  were  installed  in  special 
physical  ampoules  (PA)  of  several  types. 

In  PAl  samples  were  irradiated  in  non-gradient  regime,  that  let  to 
exclude  diffusion  process  in  materials.  PA  2-4  let  to  carry  out 
regimes  AT=const  and  AT=var  both  for  middle-  and  high- 
temperature  ranges  materials.  The  heating  of  samples  to  working 
temperatures  in  PAs  was  reached,  basically,  at  the  expense  of 
radiation  energy  release  in  elements  of  ampoule.  The 
electroheating  elements  built  in  PAs  serve  only  for  correction  of 
temperature  regime  of  tests  in  limits  ±i00°C  from  chosen  average 
temperature.  Terms  of  exposition  of  physical  ampoules  in  the 
active  core  of  the  nuclear  reactor  exceeded  one  year. 

The  special  measuring-metrological  system  let  to  supervise  the 
density  of  flux  and  fluence  of  thermal  and  fast  neutrons,  but  also 
to  carry  out  remote  measurements  of  p,  a,  a,  k  directly  in  the 
active  core  of  the  reactor  dtiring  irradiation.  Designs  of  PAs  let  to 
make  irradiation  and  measurement  of  specimens  parameters  in 
the  temperature  range  (150-750)°C.  The  energy  spectrum  of 
neutrons  in  PAs  and  irradiating  channels  was  constantly 
supervised.  Obtained  information  was  accumulated  in  the 
computer  IBM  -  PC/AT  and  then  was  analyzed  with  use  of  the 
various  software  packages. 

Part  of  the  samples  was  irradiated  in  "wet"  vertical  chatmels  at 
fixed  temperature  (40-80)°C. 

Isochronic  thermal  annealing  of  the  samples  after  irradiation  (the 
part  of  so-called  post-reactor  experiment)  was  carried  out  in  "hot 
chambers"  of  the  reactor  in  the  interval  (3()0-1200)K  in  argon 
atmosphere  by  steps  50°C  during  20  minutes. 

Installations  for  remote  measurements  in  "hot  chambers"  of 
temperature  dependencies  of  k(T),  Hall  effect  on  alternating 
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electrical  current  and  magnetic  field,  installation  for  mechanical 
properties  research,  special  ci^ostats  for  optical  properties 
research  of  high-radioactive  irradiated  materials  in  the 
teinpcraliire  interval  (4-  1200)K  were  also  developed, 

The  second  class  of  irradiating  devices  were  looped  thermoelectric 
channels  with  nuclear  heating  (Fig.4). 

Fig.4.  Design  of  LTCl  (part  of  channel  in  the  active  core  is 
shown  separately) 


researched  during  irradiation  (U  -  output  voltage,  -  differential 
resistance,  W  -  specific  electrical  power)  are  the  integrated 
characteristics,  therefore  in  channel  design  with  asymmetry 
plaeing  of  thermoelectric  modules  and  nuclear  fuel  concerning 
longitudinal  axis  of  the  type  channel  LTCl  were  stipulated  25 
additional  thermocouples,  providing  the  control  condition  of  the 
thermoelectric  modules,  thermoelectric  materials,  separate 
themoeleincnts  and  insulations  also. 

The  looped  thermoelectric  channel  LTC2  represented  the  model 
of  "built-in"  thermoelectric  converter  element  with  symmetric 
placing  of  nuclear  fuel,  carrying  out  hot  junction  heating  up  to 
850°C  (in  regime  of  "vacuum"  thermal  annealing  up  to  1000°C). 
The  temperature  of  cold  ends  of  batteries  was  supported  at  the 
level  500-550°C  by  means  of  auto-manual  control  of  heat-removal 
by  pressure  change  in  helium  gap  between  LTC2  and  hot  loop-1  of 
the  nuclear  reactor. 

The  thermoelectric  converter  of  LTC2  consisted  of  four  modules 
in  which  different  middle-  and  high-temperature  thermoelectric 
materials  (p-Cu2Se,  n-PbTc,  p-(PbTc-GeTe),  p-(GeTe-Bi2Te3),  p- 
HMS)  were  used.  Thus  n-  and  6-branch  of  thermoelectric  batteries 
were  commutated  for  different  LTCls  as  follows:  ii-SiGe  -  p- 
SiGe,  n-SiGe  -  p-Cu2Se,  n-SiGc  -  p-SiGe<"B>,  n-SiGe  -  p- 
SiGe<’“B>,  n-PbTe  -  p-(GcTe+PbTe),  n-PbTe  -  p- 
(GeTe+Bi2Te3),  n-SiGe  -  p-HMS. 

The  tests  were  carried  out  on  constant  level  of  thermal  power  of 
the  nuclear  reactor  7,5MW,  thus  the  flux  density  of  .fast  and 
thermal  neutrons  was  5-lO’^n-cm’^.  Output  on  constant  theinial 
power  of  7.5MW  was  carried  out  by  steps  on  (1-1.5)  MW.  The 
superfitious  pressure  in  comparison  to  atmospheric  in  helium  gap 
during  irradiation  was  supported  at  the  level  1.4  atmosphere,  the 
pressure  helium  in  a  cavity  of  the  converter  was  0.4  atmospheres. 
During  reactor  experiment  the  offered  method  of  in-reactor 
regeneration  (restoration  of  parameters  of  the  tlierinoelcctiic 
converter)  W'as  experimentally  approved.  The  regeneration  of 
parameters  was  carried  out  by  means  ol  short-term  thermal 
annealing  of  entered  radiation  delects  directly  in  the  active  core 
and  could  be  carried  out  by  two  wa)'s; 

-increase  of  thermal  power  of  the  reactor  in  the  range  7.5-10  MW, 
thus  temperature  of  cold  Junctions  raises  owing  to  additional 


Table  1.  The  main  mechanisms  of  energy  losses  for  nuclear 

particles  of  reactor  spectrum,  _ _ —  ■ 

I  Particle,  |  Mechanism  of  energy  losses 


radiation  heating; 


Some  qualitive  performance 


y-quanta 
y-emission  of 
reactor 


Thermal  neutron 
0.025  eV 

Fast  neutron 
100  keV 


1  Phoioeffcct  f  l.Photocffcct  prevails  at  E>lMeV. 

l.rtuotoettcci  2  Probability  of  Compton  effect  increases  with  increasing  charge 

2  Compton  effect  "“^ber,  energy  of  Compton  electron  can  be  close  to  E  -  energy  of  g- 

quantum. 

3  Electron-positron  pairs  generation  3. Electron-positron  pairs  generation  is  started  from  E-1.02  MeV 

Compton  effect  prevails  photoeffect  and  pair  generation  for  y-cimssion 
of  reactor  and  material  with  small  charge  number  (Si  and  Ge), 
Vacancies  and  interstitialities  (V  and  1)  are  produced  under  internal 
irradiation  of  cry'Stal  by  Compton  electron,  photoelectron,  components 

of  electron-positron  pairs.  Cross-section  of  interaction  is  lU — cm_^ - 

-I.,d,su=in,.«,io»wi.h  atomic  n»aei.  Botl,  tl.c  simptet  Ucfccs  (V  a, .cl  I  due  “ 
lioclcar  rcaclioas  will,  prodocing  liigli  of  llgl.t  teacl.c.  p.odocK)  and  coinplc-c  cliisKts  of  dcfcas. 

ISSlSiWTtimic  medei  Dirroicm  dcCocls  of  st.aclurc  am  ptoduced.  cl.fms  Idee  olaairtrt? 

defects  predominate.  _ _ _ _ _ _ _ — 

-"vacuum"  thermal  annealing  on  lowered  thermal  pow'er  of  (1..5- 
)ed  channels  provided  the  tests  possibility  o  2)MW'  at  that  the  pressure  of  helium  gap  w'as  equal  (1-2)T0 


The  designs  of  looped  channels  provided  the  tests  possibility  of 
thermoelectric  modules  and  batteries  in  regimes  close  to 
operating;  large  values  of  temperature  differences  (up  to  300-500° 
C)  and  operating  electrical  currents  (up  to  several  dozens  A).  The 
main  technical  characteristics  of  the  thermoelectric  converter 


lUII. 

The  results  of  reactor  tests  of  physical  ampoules  and  channels  arc 
submitted  below. 
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3.  Radiation  physics  of  thermoelectric  materials. 

3. 1. Interaction  of  nuclear  radiations  with  semiconductor 
thermoelectric  materials. 

The  passage  of  high-energy  particles  and  quantums  through 
substance  is  accompanied  by  e.xchange  of  energy  and  momenta 
between  them  and  atoms  and  electrons  of  substance, 

The  energy  transferred  to  atoms  and  electrons  of  substance  results 
in  displacement  of  atoms  from  their  equilibrum  positions  and 
redistribution  of  electrons  between  energy  levels  of  substance. 

Table  2.  Transnuitational  doping  of  some  thermoelectric  materials 


defects  in  crystal.  Accounts  of  cross-section,  distribution  of  energy 
transferred  to  crystal  by  nuclear  radiation  and  subsequent 
rela.xation  of  primary  excitations  are  actually  known.  The 
significant  part  of  results  is  received  by  means  of  numerical 
accounts  and  can  not  be  analytically  distributed. 

The  value  and  mechanisms  of  energy  losses  of  particles,  which 
radiate  the  crystal,  depend  from  their  type  and  energy. 

In  Table  1  the  main  mechanisms  of  energy  losses  for  nuclear 
particles  of  reactor  spectrum  are  given. 

The  chemical  impurity  (doping  and  non-controllable),  present  in 
semiconductors,  actively  cooperate  with  primaiy  radiation  defects, 
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There  is  no  any  universal  formula  for  determination  of  number 
and  space  distribution  caused  electron  excitation  and  lattice 


that  results  in  formation  of  various  comple.xes  of  radiation  defects 
(point  and  clusters  of  defects)  with  chemical  impurity, 
redistribution  of  clusters  during  thermal  annealing  [4],  The  main 
contribution  in  radiation  defects  at  irradiation  of  a  semiconductor 
thermoelectric  materials  in  the  active  core  of  nuclear  reactor  is 
brought  by  neutrons, 

3.2,  Nuclear  reactions  with  thermal  neutrons  for  semiconductor 
thermoelectric  materials. 

In  accordance  the  general  scheme  of  nuclear  reactions,  the 
primaiy'  products  (n,Y)-reactions  with  thermal  neutrons  represent 
nuclei  on  one  atomic  unit  more  heavily  initial.  It  is  the 

heavier  isotop  than  that  or  next  clement  of  Periodical  System.  If 
these  isotops  are  available  in  a  natural  mix  of  isotops  of  irradiated 
material  and  are  non-radioactive,  appropriate  nuclear  conversions 
result  only  in  change  of  initial  concentration  of  stable  isotops  in 
irradiated  substance,  not  creating  of  impurity  of  the  next  elements 
of  Periodical  System. 

If  primaiy  products  of  (igy)  reactions  -  are  radioactive  isolops, 
they  undergo  (in  one  or  several  stages)  subsequent  radioactive 
decay. 

The  analysis  of  all  possible  nuclear  reactions  lets  to  predict  for 
each  material  a  set  entered  in  such  a  way  electrically  active 
impurity  and  their  relative  activity. 

Concentration  of  r-impurity  is:  A^,=Atg-A.TCT-(p-r,  where:  Nq  - 
concentration  of  initial  mix  of  isolops;  A7  and  n.  -  the  relative 
contents  and  cross-section  of /-isotop;  cp  -  the  neutron  flux  density; 
t  -  time  of  irradiation. 

The  possibility  of  physical  properties  change  with  the  help  of 
impurity,  entered  by  the  method  of  nuclear  doping  at  irradiation 
by  neutrons  is  proved  for  a  number  of  semiconductors:  Ge,  Si, 
CdS,  InSb,  GaAs. 

For  semiconductor  thermoelectric  materials  the  specified 
questions  were  not  studied.  It  is  necessary  to  note,  that  their  study 
is  complicated  by  high  concentration  of  unknown  non-controllable 
impurity,  but  also  practical  application  polycrystalline  and  pressed 
materials. 

Results  of  account  of  transrautational  change  of  elements  (basic 
matrix  and  main  doping)  of  semiconductor  thermoelectric 
materials  of  middle-  and  high-temperature  ranges  for  two 
meanings  of  neutrons  fluence  are  given  below. 
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(8)  p-(PbTc+3%CoTe) 

fx  n  ’em 


(9)  p-HMS 


3.4  Research  of  radiation  defects  in  thennoelectric  materials  by 
the  thermal  annealing  method. 

The  thermal  processing  (annealing)  is  one  of  technological 
methods  of  radiation  defects  removal.  If  the  concentration  of 
defects  in  solids  e.vceeds  equilibmm  for  given  temperature,  under 
appropriate  conditions  the  defects  interact  with  each  other  to 
reduce  free  energy  of  the  cry-stal.  The  processes  of  solids 
properties  regeneration  by  means  of  step  increase  of  temperature 
during  fi.xed  time  (10-30  min)  arc  known  as  isochronic  annealing. 
It  is  etisy  to  describe  annealing  of  defects  with  the  help  of 
equations,  similar  those  applied  in  chemical  kinetics.  Then  the 
annealing  speed  of  defects  concentration  can  be  written  as: 


dt 


-A  ■  F{N^)-  expl 


kT. 


Usually  the  function  F(N^)  where  q  -  is  known  as  the 

reaction  order;  -  energy  of  annealing  activation;  A  -  constant, 
which  at  <7=1  serves  as  "frequent"  fiictor  (A=v). 

Now  to  research  of  annealing  processes  in  thermoelectric 
materials  the  special  attention  is  given.  Formation  of  defects  in 
the  neiiuon  field  is  investigated  at  increased  temperatures.  It  is 
known,  that  reactor  neutrons  at  increased  temperatures  create 
clusters  of  defects. 

Local  spacing  of  point  defects  in  clusters  imposes  the  peculiarities 
on  annealing  process  for  different  types  of  thermoelectric 
materials. 

The  linear  character  of  relative  change  of  defects  concentration  as 
a  fimetion  of  temperature  in  a  half-logarithmic  dimension  testifies 


about  annealing  kinetics  of  the  first  order.  One-stage  and  multiple 
annealing  was  e.xperimentally  observed. 

Such  multi-stage  annealing  is  caused  by  localization  of  defects 
spacing  in  clusters. 

In  the  table  3  the  temperature  intervals  of  thermal  annealing  of 
radiation  defects  (simple  defects  and  clusters  of  defects)  are  given. 


Table  3.  Temperature  intervals  of  annealing  of  radiation  defects  in 
thermoelectric  materials. 


Material 

Temperature 
of  irradiation 

Fluence, 

n-cm'^ 

Temperature  intciv-al 
of  annealing 
simple  clusters  of 

defects  defects 

n-PbTe 

70 

1,44'102“ 

100-150 

250-300 

400-350 

I'P'- 

300 

9.2-10'5 

- 

300-500 

p-GeTe 

70 

1,44-102'> 

180-240 

300-350 

n-PbSe 

70 

3,0- 10^0 

- 

300-550 

p-PbSe 

70 

3.0-102« 

100-250 

280-480 

p-PbSe 

320 

3.2-102" 

- 

200-350 

P''Cll2^^Sc 

400 

4,48- 102" 

- 

300-550 

p-Cu2Se 

350 

3.0-102" 

200-270 

p-HMS 

70 

3.0-102" 

- 

200-500 

p-HMS 

310 

2.73-102" 

- 

400-600 

n-SiGcg  2 

250 

1.54-102" 

350-400 

400-700 

p-SiGe(,3 

200 

1.08- 1()2" 

350-400 

450-750 

3.5.  The  analysis  of  results  of  thermoelectric  materials  tests. 

The  describing  of  p((I>)  and  a(a))  in  the  frame  of  effective 
medium  theory  was  given  for  n-,  p-SiGe^j  solid  alloys  in  |5,6] 
and  p-Cu2.gSe,  p-CujSe  compounds  in  [7]. 

As  was  shown,  defect  clusters  surround  with  electric  and 
deformation  fields  interact  with  boron  and  phosphoms 
participation  during  of  neutron  irradiation  is  veiy'  actually  in 
connection  with  the  problem  of  radiation  firmness  of  high 
temperature  materials. 

Electric  and  deformation  fields,  which  arose  around  defect 
clusters,  not  promote  in  defect  deduction  only  but  interact  with 
impurity  later.  It  was  shown,  that  lithium  losing  from  conducting 
matrix  is  proportional  to  density  of  introduced  defect  clusters  and 
copper  precipitation  leads  to  growing  of  hole  concentration  in 
CujSe,  moreover  it  is  electrically  non-active  in  clusters. 

Thus  defect  cluster  can  be  a  gutter  for  poor-diffusion  dopant  in 
during  irradiation  at  high  temperature.  That  is  why  we  supposed 
phosphorus  both  in  nature  precipitation  in  own  defects  in  the 
beginning  of  irradiation  in  temperature  ~40()°C  and  under  future 
precipitation  in  clusters  will  lose  its  electric  activity. 

As  follows  from  calculations,  carrier  concentrations  in  conducting 
matrix  and  defect  clusters  are  changing  during  irradiation.  It 
seems  to  us.  it  was  conditioned  by  deduction  of  boron  (which 
saved  its  negative  charge)  in  electric  field  of  cluster. 

As  follows  from  experimental  dependencies  p((P)  and  a(a))  for 
Cu^Se,  it  is  visible  that  the  thermoelectric  material  has  high 
radiation  stability'  up  to  meanings  of  fast  reactor  neutrons  flucnce 
(2-3)-102“n-cnr2.  In  this  range  the  changes  of  p  and  a  are  those, 
that  the  electric  power  factor  a^/p  is  not  lower  than  initial  value 
for  a  non-irradiated  material. 

As  dozes  are  higher  than  (4-5)-10^*^n-cnr^  deterioration  of 
thermoelectrical  properties  of  materials  begins,  however  even  at 
doze  lO^'n-cnr^  a^/p  saves  the  meaning  not  below  (80-85)%  of 
initial  value. 

The  results  of  irradiation  experiments  on  middle-temperature 
thermoelectric  materials  of  PbTe,  n-  and  p-types  of  conductivity, 
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made  by  the  method  of  extnision  (directed  pressing)  are 
submitted. 

This  pair  of  materials  causes  the  special  interest,  as  it  is  possible 
to  e.xpect  their  high  physical-chemical  and  thermal-mechanical 
compatibility,  that  it  is  very  important  for  manufacturing  of  the 
thermoelectric  module.  The  irradiation  was  carried  out  at 
temperature  500°C.  For  n-PbTe  slow  decrease  of  p  in  all 
investigated  interval  of  irradiation  dozes  up  to  5-  10^®n-cin'^  was 
observed,  a  with  growth  of  doze  was  increased.  Thus  u-PbTe  is 
thermoelectric  material  having  high  radiation  stability  of  main 
physical  properties  under  influence  of  reactor  irradiation.  Its 
characteristics  under  influence  of  irradiation  in  investigated  dozes 
inteA'al  up  to  (4-5)-10^®n-cnr^  are  even  improved. 

The  material  of  p-type  based  on  PbTe,  has  good  radiation  stability 
in  the  dozes  interval  up  to  S-lO^Omcnr^  too.  With  increase  of  doze 
p  and  a  monotonously  grow  but  the  electric  power  factor  grow  in 
all  investigated  interval  of  doze  up  to  S-lO^^n-cm'^. 

The  study  of  doze  dependence  for  this  material  was  continued  up 
to  3-10^‘n'cnr^. 

The  doze  dependencies  of  thermoelectric  parameters  other 
middle-temperature  materials  based  on  PbTe  and  GeTe  were  also 
investigated. 

The  results  of  e.xperimental  research  of  radiation  stability  of  p- 
HMS  polycrystalline  samples  are  submitted  on  Fig.5.9.  Doze 
dependence  of  p  has  practically  linear  character  in  all  investigated 
dozes  internal  (the  ratio  value  of  p<j,  to  initial  meanings  Pq  is 
equal  2. 1-2.4). 

The  temperatures  of  an  e.xposition  were  a  little  bit  below  than 
those  meanings  (400-450)°C,  which  should  be  recommended  to 
operating  from  condition  of  ma.ximum  value  of  Z  for  non- 
irradiated  material. 

a  for  irradiated  HMS  in  accordance  with  growth  of  doze  grows, 
leaving  by  saturation  at  dozes  of  the  order  (1.0-1.2)d02®n'Cnr^. 
The  electric  power  factor  G  from  dozes  of  irradiation  depends  not 
monotonously:  in  the  dozes  interval  of  (3-5)-10*®n'Cnr2.  ^^2^ 

essentially  increases  in  comparison  with  initial  value  (up  to  40%) 
and  than  slow  decreases  and  at  2-10^'’,.,.(-„i-2  caches  (a^a)^  for 
non-irradiated  HMS. 

Fig.6. Result  of  reactor  test  of  thermoelectric  module  based  on  n-, 
p-PbTe  consisting  of  LTCl/6. 


4.Rcactor  tests  of  LTC1,2  and  prognosis  theoretical 
estimations. 

During  resource  reactor  tests  of  looped  thermoelectric  channels 
temperature  test  specifications  of  thermoelectric  modules  were 
continuously  supervised,  thus  the  change  of  temperatures  not 


e.xceeded  4.5  %  from  of  average  meaning.  In  result  of  spent  cycles 
of  thermal  regeneration  of  the  thermoelectric  battery  parameters 
by  means  of  "vacuum"  annealing  and  annialing  by  increase  of 
thermal  power  of  the  nuclear  reactor  complete  restoration  of  the 
thermoelectric  converter  power  parameters  was  established 
practically  (Fig.6-8). 

Fig. 7. Result  of  reactor  tests  of  p-SiCcQ  3<B>  in  thermoelectric 
module  of  LTCl/4. 

Thermal  annealing  regimes:  1-870°C,  2-910°C. 


Fig.8.  Result  of  reactor  test  of  thermopclectric  module  in  LTCl/4 
(regeneration  of  the  electric  power  factor  by  thermal  annealing). 


Some  cycles  of  annealing  were  spent  and  is  established,  that  the 
limiting  factor,  for  example  for  n-SiGeQ3<P>  -  p-SiGeQ  3<  B>, 
are  p-branches  of  the  thermoelectric  battery.  The  volt-ampere 
characteristics  of  thermoelectric  modules  remained  linear  as 
during  irradiation,  and  after  carried  out  cycles  of  thermal 
annialing.  As  was  marked  above,  designs  of  research  LTCl  let 
simultaneously  with  the  control  of  power  parameters  of  the 
thermoelectric  battery  during  irradiation  to  carry  out  research  of 
influence  of  irradiation  and  annealing  on  the  electrophysical 
properties  of  thermoelectric,  insulational  and  commutation 
materials.  On  Fig.7  doze  dependence  of  resistance  R  and 
thermopower  of  p-SiGeQ3<  B>  in  thermoelectric  module  is  given. 
In  Fig.  9  the  scheme  of  mathematical  model  for  the  element  of  of 
the  energy  generating  channel  at  symmetric  heat  e.xchange  is 
submitted.  Here:  1  -  nuclear  fuel;  2,13  -  thermal  conductors;  3,12 
electrical  insulations;  5,10  branch  of  thermoelements;  14  - 
external  shell. 
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Fig.9.  Malliemalical  model  for  calculation  of  syminetrical  heal 
transfer  in  LTC2. 


Fig.  10.  Calculated  load  dependence  from  water  gauge  in 
cavity'  for  NR-TEG  power  levels  of  100,  200,  500  kWe  at  heat- 
carier  temperature  100,  200,  300°C. 


PM 


As  follows  from  the  results  of  neutron-physical  and  thermo- 
physical  calculations  of  active  cores  of  NR-TEG  (Fig.  10),  resulted 
data  let  us  from  large  variety  of  possible  variants  of  the  active  core 
of  the  water-water  nuclear  reactor  -  thermoelectric  converter  with 
"built-in"  TEG  to  allocate  some  optimized  elementary  cell  of  the 
energy  generating  channel,  containing  realistic  thermoelectric 
materials  and  constructive  elements,  the  main  characteristics  of 
wliich  poorly  depend  from  powers  of  the  reactor  and  temperature 
of  the  heat-carrier.  Revealed  in  result  of  series  of  accounts 
presence  such  universal  cell  of  the  active  core  has  let  to 
concentrate  efforts  on  given  stages  of  technology  development  on 
creation  of  NR-TEG. 
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Tlie  paper  stated  about  the  main  results  of  semiconductor 
thermoelectric  batteries  (STEB)  “Angel- 1"  of  increased 
power  modified  on  the  results  of  STEB  "Angel"  design  early 
made  for  RTG  "Aigel"  (project  Mais-94).  With  preseiYation 
of  RTG  overall  dunensions  its  electric  power  together  with 
STEB  "Angel"  in  tlie  rated  operatmg  condition  was  250  mW 
under  voltage  of  15  V. 


Introduction 

Use  of  radionucleide  sources  energy  (RSE)  for 
space  investigations  is  sensible  only  when  the  use  of  other 
sources  is  absolutely  inefficient  or  impossible  for  a  given 
research  program  fulfulinent.  This  depends  on  the  fact 
that  tlie  use  of  RSE  for  space  investigations  enlarges 
essentially  tlie  cost  of  project  as  a  whole  both  due  to  liigh 
cost  of  radionucleide  sources  themselves  and  to  the 
necessity  of  large  volume  of  mvestigations  and  tests 
fulfilment  by  provision  their  nuclear  safety  under  standard 
service  and  in  the  case  of  abnormal  situation  arishig. 
Nevertheless  there  is  a  number  of  problems  connected 
witli  far  space  research  where  the  use  of  RNES  is 
required.  Tliis  uicludes  projects  connected  with 
investigations  of  Solar  system  planets  such  as  Mars, 
Jupiter,  Pluto  and  asteroids,  comets  or  polar  regions  of 
Sun. 

The  present  report  presents  the  information  related 
to  semiconductor  thermoelectric  batteries  development 
(STEB)  for  low  power  radionucleide  thermoelectric 
generators  (RTG)  on  plutonium-238  used  in  small 
autonomous  stations  (SAS)  of  the  mtemational  project 
Mats  94/96  (RTG  "Angel'T  Such  RTGs  can  be  used  in 
other  projects  where  it  is  required  small  energy 
consumption  and  tlie  necessity  of  maintenance  of 
standard  temperature  condition. 

Due  to  the  postpone  of  the  expedition  terms  to 
Mars  from  October  1994  tUl  November  1996  it  was 
accepted  expedient  to  modify  the  formerly  developed 
STEB  "Angel"  witliin  the  project  Mars-94  in  an  effect  to 
electric  power  and  efficiency  increase  of  RTG  "Angel" 
preserving  its  structure,  mass  and  dimension  parameters 
and  other  operational  parameters. 

Peculiarities  of  STEB  development  for  low-power  RTG  of 
spacr  purpose 

In  relation  to  the  fact  that  STEB  development  has 
the  target-oriented  character  (for  RTG  "Angel"  of  the 
project  Mars  94/96)  let  us  consider  the  peculiarities  of 
STEB  for  low  power  RTG  development  oriented  oneself 
at  the  requirements  laid  the  groundwork  for  RTG  "Angel" 


design.  Following  tlie  adopted  concept  it  was  required  to 
develop  RTG  witli  small  mass  and  dimension  parameters 
and  electric  power  output  no  less  than  100  mW  at  a 
voltage  of  15  V.  The  upper  nominal  value  of  RHU 
thermal  power  must  not  excess  8.7  W.  Those 
requirements  defined  as  it  was  showed  earlier  [1],  tire 
choice  in  favour  of  a  single  stage  STEB  based  on  low- 
temperature  alloys  of  BiTe  having  the  best  efficiency  in 
the  temperature  range  up  to  300  °C.  The  necessity  of  high 
output  voltage  provision  (15  V)  at  relatively  low  electric 
power  (100  mVvO  and  temperature  gradient  (100  -  120  °C) 
along  tire  operating  material  resulted  m  the  choice  of 
STEB  micromodule  structure  [2].  The  principle 
requirement  under  RTG  development  was  the 
maintenance  of  RTG  normal  operation  at  tire  given 
electric  power  level  not  only  after  MAS  landing  on  Mars 
surface  but  during  the  whole  period  of  its  operation  in  the 
Marsian  conditions  (no  less  tliat  3  years  and  a  half)- 

Table  1  showed  the  main  parameter's  of  STEB 
"Angel"  developed  for  RTG  "Angel"  and  for  STEB  of 
STEB  "Angel- 1  improved  structure  . 

Table  1 


Type  of  STEB 

Parameter 

Angel  by 
the  request 

effective 

value 

Angel- 1 

Electric  power,  mW 

100 

150 

250 

Temperature 
gradient,  °  C 

180 

130 

140 

Operation  tempera¬ 
ture  at  NKY,  °  C 

200 

170 

165 

Electric  resistance, 
kOhin 

1700 

1200 

850 

Load  voltage,  V 

15 

15 

15 

Number  of  elemeirts 

1600 

1600 

1600 

Elements  cross- 
section,  mm 

0.35x0.35 

0.5x0.5 

0.6x0.6 

Dimensions,  mm 
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-  height 

19 

19.5 

22 

-  width 

17 

23 

25 

-  thickness 

18 

23 

25 

Mass,  g 

70 

60 

75 

Service  life,  years 

10 

10 

10 

Alloys  of  (BiSb)Te,  p-type,  and  Bi(TeSe),  n-typc, 
produced  by  the  extrusion  method  were  used  as  starting 
materials  for  STEB  "Angel"  development  as  hi  tlie  case  of 
the  first  modification  of  STEB  "Angel". 

Experimental  modification  of  STEB 

Experimental  modificatiom  of  STEB  "Angel"  was 
made  within  full-scale  breadboards  and  prototypes  of 
RTG  "Angel".  The  accelerated  tests  were  carried  out 
according  to  the  specially  elaborated  methods  at  the 
conditions  imitating  different  types  of  external  exposures 
on  RTG  at  the  terrestrial  storage  and  transpoitation,  at 
the  flight  by  the  Earth-Mars  trajectory,  at  the  landing  on 
the  Mars  surface  and  operation  in  the  Marsian 
conditions. 

During  the  experhnental  medication  tlie 
technological  process  of  development  was  adjusted  to 
improve  its  teclmical  characteristics  and  to  prolong 
service  life  and  reliability. 

Duiing  STEB  "Angel- 1"  structure  modification  it 
was  found  out,  investigated  and  corrected  the  negative 
effects  of  tliermal  stresses  arising  in  STEB  during  its 
operation  within  RTG  and  affecting  its  time  stability  of 
output  electric  parameters.  This  was  accomplished  by 
optimization  of  thermoelement  leg  dimensions,  use  of 
more  perfect  tliermal  resistance  adhesive  and  epoxy 
compounds,  melting  temperature  increase  of 
commutation  solders  and  use  of  other  structure  designs 
ensuring  decrease  of  thermal  stresses  effect  as  to  cross- 
section  of  STEB. 

Experimental  test  of  service  life  and  operation 
reliability  of  STEB  specimens  within  RTG  "Angel"  full- 
scale  breadboards  was  carried  out  in  permanent  thermal 
conditions  and  in  tliennocycling  conditions.  Permanent 
thermal  condition  imitated  STEB  operating  conditions 
within  RTG  at  operation  temperature  hicrease  in  1.3 
times.  Tests  duration  in  the  permanent  thermal  conditions 
was  no  less  than  a  month  and  a  half. 

RTG  operating  conditions  on  the  Mais  surface 
were  imitated  more  strictly  in  the  thermocycling 
conditions  (temperature  of  heat  receiving  junctions  was 
changed  from  130  to  205  °C)  considering  season  and 
daily  temperature  changes  in  tlie  most  unfavourable  as  to 
climate  conditions  regions  of  SAS  landing  on  the  Mars 
surface.  Limiting  temperature  conditions  of  STEB  within 
RTG  capacity  for  operation  were  determined 
experimentally  during  6-10  hours.  These  limits  were  240 
°C  by  the  operating  temperature  and  100  °C  by  the 
environment  temperature. 

Fig.l  shows  volt-ampere  characteristics  of  RTG 
breadboards  STEB  "Angel-1"  N?  01,  02. 


Fig.l.  Volt-ampere  characteristics  of  RTG  with  STEB 
"Angel- 1"  N2N2  01,  02  at  different  ambient  temperatures. 


U,V 


Test  results 

Test  results  of  STEB  "Angel- 1"  aiC  given  in  Fig.  2, 
3.  Fig.2  shows  temporary  change  of  output  electric  power 
value  of  STEB  "Angel-1"  full-scale  spechnens  within 
RTG.  The  value,  equals  to  its  starting  electric  power  ratio 
to  tlie  operating  temperature  difference,  was  the  STEB 
reduced  electric  power  value. 

Fig.2.  The  relation  between  STEB  "Angel-1" 

N2N9  01,  02  as  a  part  of  RTG  reduced  electric  power 

jj^jjeduced  _  .e/  continuous  Operation  time  at 

Th  -  Tc 

increased  ambient  temperature  (Tc  ^70°  C). 


,  mW/”C 
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In  spite  of  more  strict  STEB  test  conditions  than 
real  operating  conditions  within  RTG,  STEB  "Angel- 1" 
output  electric  power  was  not  changed  during  a  month 
and  a  half  continuous  test  period. 

Test  results  of  STEB  "Angel-1"  witliin  RTG  in  tire 
thermocycling  conditions  are  given  in  Fig.  3. 

STEB  "Angel- 1"  test  conditions  in  tire 
thermocycling  regime  imitate  RTG  operating  conditions 
within  SAS  on  the  Mais  surface,  cycle  number 
determines  RTG  operating  time  in  real  conditions.  STEB 
electric  power  value  stability  at  its  thermocycling  witliin 
RTG  confirms  the  achievement  of  required  resource 
characteristics  of  STEB  and  tells  about  the  efficiency  of 
technical  designs  adopted  during  its  modification. 

Fig.  3.  The  relation  between  STEB  "Angel- 1" 

N5N9  01,  02  as  a  part  of  RTG  reduced  electric  power 

Tifnom 

f^reducea  _  — el —  number  of  thermocycles. 

Th  -  Tc 


,  mw/^c 


(  7,.  =  170  “O 


No  0; 
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200  300 

N  (  member  of 
thermocycles ) 


Table  2  shows  the  main  characteristics  of 
developed  RTG  with  STEB  models  "Angel"  and  "Aiigel- 
1"  according  to  the  Mars  94/96  project  in  comparison 
with  similar  RTGs  which  are  developed  according  to  tlie 
"Power  Stick"  Program  [3,4]. 


Table  2 


Type  of  RTG 

Parameter 

Russia 

USA 

Angel 

Angel- 1 

Option 

C 

Option 

B 

Electric 
power,  mW 

150 

250 

305 

22 

Voltage,  V 

15 

15 

5 

5 

RHU  tliermal 
power,  W 

8.7 

8.7 

6 

1 

STEB 

materials 

BiTe 

BiTe 

BiTe 

BiTe 

Dimensions, 

19x23x 

22x25x 

30x24x 

15x7x7 

mm 

x23 

x25 

x24 

Cross- 

0.5x 

0.6x 

0.94x 

0.21x0. 

section,mm 

xO.5 

xO.6 

xO.94 

2 

Hot  junctions 
temperature, 

°  C 

170 

165 

200 

130 

Efficiency 

2 

2.9 

5.1 

2.2 

Dimension  of 

0=85 

0=85 

0=130 

0=85 

RTG,  nun 

h=125 

h=125 

h=105 

h=80 

Mass,  kg 

0.50 

0.53 

0.86 

0.37 

Specific 

electric 

parameters, 

W/kg 

0.34 

0.47 

0.36 

0.06 

W/m3 

322 

450 

225 

7 

From  tlic  Table  one  can  see  that  RTG"  Angel- 1"  is 
more  close  to  RTG  "Option  C"  by  its  parameter's.  To  our 
mind  the  most  efficiency  of  RTG  "Option  C"  than  RTG 
"Angel- 1"  was  achieved  mamly  by  hot  junction 
temperature  forcmg  which  was  200  °C  and  by  use  of  the 
more  perfect  (fiber-vacuum)  insulation.  However,  durable 
stability  of  module  type  STEB  in  vacuum  under  these 
temperatures  is  rather  problematical  and  the  information 
confirming  the  service  life  is  absent  in  the  work  [4] . 

Conclusions 

1.  Tlie  stmcture  and  technology  of  STEB 
development  conventionally  named  "Angel- 1"  having 
better  technical  and  operation  characteristics  tlian  STEB 
"Angel"  with  retaining  tlie  RTG  "Angel"  stmcture  and 
dimensions  has  been  modified  . 

2.  STEB  "Angel- 1"  tests  conducted  witltin  RTG  in 
tlie  nominal  condition  (Top=165  “C)  showed  that  at 
temperature  difference  7=140  °C  its  electric  power  is  no 
less  than  250  mW  at  output  voltage  15  V. 

3.  STEB  "Angel- 1"  tests  witliin  RTG  conducted  at 
more  strict  thermal  exposures  (hicreased  operating 
temperature,  multiple  thermocycling,  increased 
environment  temperature  and  the  like)  confirmed  stability 
of  its  operation  in  these  conditions  without  changing 
starting  electric  parameters. 

4.  Analysis  of  the  obtained  results  enable  to  make  a 
conclusion  on  the  expediency  of  RTG  "Angel- 1"  use  in 
small  self-sufficient  stations  of  the  Mare  94/96  project  and 
to  recommend  such  RTG  for  electro-heat  provision  for 
otlier  prolonged  space  expeditions  as  a  basic  module. 
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THERMOELECTRIC  METAL  BASE  MODULE 

T.L.Luslikiiia,  A.M.Blagorodov,  VJ.Diibov 
"IMPULS”  Joint-Stock  Company,  Moscow,  129626,  Russia 

The  thermoelectric  metal  base  module  (TM)  production  process  is  developed. 
The  produced  TMs  were  tested  and  investigated.  As  showed  this  study  and  digital 
simulation  the  use  of  metal  base  allows  to  increase  effective  heat  transfers  thermal 
conductivity  by  1.5-2  times  depending  upon  thermal  conductivity  of  the  material 
through  which  the  heat  is  being  removed  at  the  hot  side  of  the  module.  Owing  to 
metal  base  the  processing  becomes  easier  and  construction  flexibility  increases. 

The  application  of  metal  base  in  TM  became  possible  only  after  the  problem  of 
fabrication  of  metal  substrate  with  dielectric  layer  was  solved.  The  dielectric  layer 
possesses  of  the  complex  of  unique  features  such  as  porouslessness,  excellent  iso¬ 
lation  parameters  (specific  resistance  of  insulating  layer  lO'®  Ohm*cm,  breakdown 
voltage  400  V/inkm),  high  adhesiveness  (more  than  2000  N/sq.cm),  operating 
temperature  up  to  400  °C,  increased  chemical  resistivity  in  agressive  environment. 


In  order  to  increase  the  efficiency  of  ther¬ 
moelectric  module  operaion  its  design 
(construction)  and  know-how  are  worked  out 
using  the  metal  base  instead  of  ordinary  ce¬ 
ramic  one. 

Such  a  design  makes  it  possible  to  rise  the 
effective  factor  thermal  conductivity  base 
which  results  in  increase  of  intensity  of  heat 
removal  from  the  hot  and  cold  sides  of  the 
module. 

The  advantage  of  the  thermoelectric  module 
as  to  the  design  of  its  cooler  is  evident, 
namely: 

1.  It  is  easy  to  solder  the  metal  base  to  the 
heat  sink.  In  this  case,  having  a  high  ther¬ 
mal  conductivity  of  the  bases,  the  thermal 
resistance  at  the  thermocouple  boundaries  - 
metal  base-heat  sink  will  be  minimum,  i.e.  about 
(0.1  to  0.01)  °K/W  cm^,  which  considerably 
increases  the  cooler  efficiency  when  using 
thermoelectric  module-to-heat  sink  clamp 
through  heat-conducting  paste.  The  thermal 
resistance  of  the  heat  contact  will  amount  to 
(0.5  to  1)  °KAV  cm^  at  specific  thermal 
flows,  amounting  to  (3  to  4)  W  cm^  . 
The  parasitic  drop  of  temperatures  between 
the  thermoelectric  module  hot  surface  and 
the  heat-conducting  surface  may  be  equal 
to  5  °C  in  case  of  using  the  clamping  con¬ 
tact. 


2.  The  geometric  sizes  and  configuration  of 
metal  bases  may  be  more  various  than  those 
of  ceramic. 

3.  The  possibility  appears  to  create  a  new  type 
of  thermoelectric  modules  which  combine  in 
themselves  the  series-connected  thermo¬ 
couples  and  aluminium  heat  sinks  for  the 
heat  liberated  from  thermocouple  hot  joints. 
This  makes  it  possible  to  avoid  problems  of 
the  heat  contact  of  the  thermoelectric 
module  hot  side  with  the  heat  sink  and 
simplifies  the  cooler  design. 

As  to  the  construction,  the  base  is  com¬ 
posed  of  aluminium  alloy  AMr,  0.8  mm  thick¬ 
ness,  and  a  thin  dielectric  layer,  10  mkm 
thickness.  The  main  problem  was  in  creating 
the  reliable  electric-insulation  layer.  The  tech¬ 
nology  worked  out  by  our  company  allowed  to 
make  a  dielectric  layer  (coat),  which  poccesses 
the  combination  of  unique  properties  namely: 
density,  high  adhesion  to  the  aluminium  base 
(2600  N/cm^),  high  adhesion  of  applied  con¬ 
ducting  coats  to  the  dielectric  coat  (2000 
N/cm^),  stability  to  agressive  media  and  ther¬ 
mal  stability  up  to  400  °C  (including  in  vac¬ 
uum). 

Determined  is  a  cooperative  thermophisical 
characteristics  of  the  plates  made  of  polycore 
(AI2O3  -  99.8%)  and  aluminium  with  a  dielectric 
layer. 


An  aluminium  plate  coated  with  a  thin  di¬ 
electric  layer  is  not  a  solid  material  and  has  no 
thermal  conductivity  factor  value  in  a  conunon 
sense.  We  can  talk  about  "effective"  factor  of 
thermal  conductivity  X,et.  which  will  depend  on 
the  heating  mode.  For  the  stationary  mode,  ^et. 
is  defined  from  a  simple  expression,  which  is 
easily  obtained  from  the  Fourier  law; 

^  +  -^2) 

-^2^1  -^1^2 

where:  Xj,  X2.  ^1.  ^2  ‘  thermal  conductivities 
and  thickness  values  of  the  first  and  second 
layers. 

In  order  to  compare  the  thermal  conductiv¬ 
ity  of  the  plates  made  of  AI2O3  and  A1  with  the 
dielectric  layers,  we  determined  value  X.et.  at 
their  contact  with  a  thick  (A  =10  mm)  layer  of 
the  standard  material  with  a  known  thermal 
conductivity.  The  standard  material  simulated 
the  heat  sink,  the  intensity  of  which  may  be 
characterized  by  the  value  of  its  thermal  con¬ 
ductivity  Xet. 

Value  X,et.  was  defined  by  the  contact 
method  with  a  help  of  instrument  QTM-D2 
(error  is  ±  5%)  where  the  constant  power  point 
source  is  used. 

The  results  of  measurements  showed  that 
aluminium  plate  with  a  dielectric  layer  has  the 
thermal  conductivity  efficiency  1.5  to  2  times 
higher  than  that  of  plate  made  of  AI2O3  at  Xgt, 
equal  to  0.21  and  1.21  Kcal/m-h'deg. 

We  compiled  a  mathematic  model  of  ther¬ 
mal  mass-exchange  process  for  the  selected 
constmction  of  the  cooler,  consisting  of  a 
thermoelectric  modules  and  heat  sinks.  The 
model  takes  into  account  the  transfer  of  heat 
due  to  the  molecular  thermal  conductivity  with 
sources  and  drains  of  heat  and  connection.  The 
radiative  transfer  of  heat  is  inconsiderable  due 
to  small  values  of  temperatures  both  inside  the 
module  and  in  heat  sink  zones. 

The  general  equation  is  as  follows: 

S(x)C{x,T)r(xJ]^  =  ^S(x) 
d  t  dx 

A  (r,  X)  —  +  :s(x)  W  (x)  -t  P{x)  ■  a  {T^-  T) 


where: 

5(x)  -  the  ratio  of  the  normal  cross-section 
area  to  the  base  area,  So=  16T0^  m^; 

c,  y,  X  -  specific  heat  capacity,  density  and 
thermal  conductivity  of  structure  materials; 

T  -  temperature; 

X  -  linear  coordinate; 
t  -  time; 

W  -  volumetric  heat  source; 


where: 

Pi  -  normal  cross-section  perimeter; 
a  -  heat  exchange  factor; 

Tp  -  air  temperature  (time  function); 
li  -  thickness  of  i  -  layer. 

On  the  bases  of  the  analyses  of  the  carried 
out  calculations,  it  is  evident  to  recommend 
the  manufacture  of  thermoelectric  module 
bases  from  the  materials,  poccessing  the 
maximum  heat  conductivity  factor,  i.e.  that 
means  the  effective  factor  of  heat  conductivity. 

Our  selected  aluminium-to-thin-layer  dielec¬ 
tric  base  structure  is  sufficient,  since  even  the 
replacement  by  the  hypothecial  one  with  the 
infinite  factor  of  heat  conductivity  reduces  the 
gas  temperature  less  than  by  1°  as  calculations 
showed. 


Fig.  1  Construction  Diagram 


1  2  3  4  5  9 


X,  X,X,X,X,  X.X,X,X.  X„ 

1,  9  -  "cold"  and  "hot"  sinks 

2  -  plate 

3  -  dielectric  layer 

4  -  current  bridge 

5  -  semiconductor  bodies  of  Bi2Te3 
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EVAPORATING  COOLING  OF  THE  ELEMENTS 
OF  THE  THERMO-ELECTRIC  HEAT  PUMPS 


G.L.  Serebriany 

Prived  Individual  Enleqmse  “COMFORT”,  Moscow,  Russia 

The  calculation  method  and  the  testing  results  of  the  thenno-electric 
heat  pumps  (THP)  with  a  water-evaporating 
cooling  effect  are  presented. 


The  mathematical  model  of  the  diffusional  and 
convective  hcat-inasstransfer  in  the  streams  of  wet  air 
ventilating  hot  and  cool  THP  radiators  are  worked  out.  The 
comparative  analysis  of  the  direct  (by  irrigating)  and  indirect 
evaporating  cooling  is  given.  The  results  of  the  realization  of 
the  e.xperimental  cooling  devices  are  demonstrated. 

The  evaporating  cooling  of  the  THP  heat-stramed 
elements  being  an  effective  mean  of  its  energetic 
characteristics  improving,  can  be  ralizated  in  the  devices  of 
direct  or  indirect  action:  the  system  of  the  hot  radiator 
irrigation  using  wet  porous  plates  contacting  with  its 
elements;  or  placed  in  radiators  front  and  gathered  into  the 
blocks  of  the  adiabatic  air-cooler. 

The  calculation  peculiarity  is  relayed  to  THP  with  a 
direct  evaporing  cooling  as  it  demands  to  take  into  account 
interdependencies  of  the  load  characteristics  and  the  process 
of  the  heat-masstransfer  in  the  radiators.  The  generalised 
model  of  the  THP  with  ventilated  hot  and  cool  radiators. 
When  evaporating  and  water  condensating  on  their  surfaces 
(Fig  1,2)  is  based  on  the  equation  of  the  heat  balance,  where 
the  expressions  of  the  heat  streams  density  when  diffusional 
evaporating  or  condensating  are  based  on  the  admission  of 
the  equality  of  the  thickness  of  the  heat  and  diffusional 
boundary  layers:  when  the  values  of  vapor  contenance  is 
really  little: 


In  the  presence  of  the  phase  transfonnations  on  the 
hot  and  cool  sides,  we  have  the  linnear  dependencies  of  ihs 
THP  load  characteristics  from  the  air  temperatures  Twh,  Twc 
on  wet  thermometer: 


(>'c->W)+ac{rc-r„)= 


ra 
c 

~  ^Pci^FC  ~  ^c) 


^0 


When  applying  the  present  model  to  the  effective 
radiators  assuring  the  little  temperature  hods,  we  can 
calculate 


^  c/y 

r,  -  r,  dT, 


(3) 


The  coefficients  B,  U,  A,  V,  ^  are  opened  in 
aecordance  to  Bo,  Uo,  Ao,  Vo,  with  the  change  of  the  inter¬ 
resistances  /?g  by  the  summary  ones: 

H  ~  P Ha  P HR  iPc  ~  Pea  PcR  ■ 


and  use  a  hnnear  approxnnation 
Y  =  M-FNr„{4) 

correct  witliin  the  small  (5-10  K)  limits  of  change  Ts. 


PHR=K{F„k„)-\p,,=K{F,k,)-\ 
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kn.r  = 


dY  rNu 

Yh  const, 

dTsH  c 


dY  rNr 

Yc  =  = - =  const. 

disc  c 


T  _  ^;,c  '^Y H.c'^s 

'  \inj  n  ““ 


dX 


w\ 


dT_  r  dY  dfs 
^  c  dl's  dX 


Expressions  (10),  (5),  (6)  pennit  the  dilTereiilial 
description  of  the  process  of  energy  transfer  by  linear 
equations  (8)  and  (9).  Without  fonnal  dilTerencc  from 
equations  [1]  for  one-phase  streams,  that  reflect  the  Tc(X)  and 
Th(X)  changes.  The  essential  diflerence  is:  the  change  of  the 
streams  temperatures  Tc(X)  and  Thcx)  by  their  temperature.^ 
Twc(X)  and  Twntx)  on  wet  thermometer;  water  equivalents 
Wc,H  -  by  their  equivalent  values 


^*c.H  “  ■'■/c.h)- 


Fig.  2  Longitudinal  temperature  distribution  of  the 


coefficients  ^  by  their  equivalent  values 

When  excluding  the  influence  of  the  thin  Liquid  film 
or  wet  porous  covering  on  the  hot  side  =0);  and  all  the 
more-on  the  cool  side  when  drop  condensating  =0); 


^H.c  ~  ^*n.c- 

For  calculation  of  the  distribution  Tc,H(X)  and  Tsc.ikxj 
for  known  (found  from  (8)  and  (9))  Twc.mx)  we  must 
determine  the  liason  Ts=f(T),  In  this  case,  in  contrast  to  (8) 
and  (9)  we’ll  represent  the  separate  description  of  the? 
processes  of  longitudinal  heat-  and  masstransfer: 


c  dX 


and 


r™)<  0,(13) 


The  system  of  differential  equations  of  the  energy 
transfer  in  the  streams  of  wet  air: 


dX 


'  dX 


QaiTwe 


~  Quij'wcy'^im)  (^) 


Wc  dYc  Uc  \  \ 

Wlien  admitting  (3),  (4)  the  equations  (12),  (14)  have 
a  form  similar  to  (1 1),  (13): 


"  dX 


-  for  direct  and  opposite  streamflows. 
Accordingly  I,  Tw  we  have: 


-^c~  =  acFc{Tsc-T^).{\4a) 
Thanks  to  this  Tk  is  excluded  and  we  have: 
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'P  ^hnLlX.-hA\ 

■'mm  ^  A  ) 


^C[X)  ~  ^Ccn  ^  W 

V  ffr  / 


0  = 


when  the  direct  streamflow  Xh=X  and  the  opposite  one 
Xu=l-X. 

Use  (7),  we  have: 

T  -T  xQxS  X 

hmx\  -  ^m!{x\  1,.,  ^cxp  A/,  , 


^s«(A')  ^mi(x) 


4(a')  -  +  ^ 


r  -T  __^CJ2_  [  _.^c^j^|  Ag't 


_ 

1  +  ^/r  +/^co  +  '^/^co  ~  Ph~  ^/^co^h) 

When  realizating  the  condition  (21)  and  the 
breaching  (22)  the  coordinate  Xi  of  the  condensation  are3 
beginning  is  found  from  extreme  condition 

^fiC(A',)  “  ^sc«n>(25) 

when  using  (23)  and  (24)  including  Tc(xi)  and  Twn(xi).  Thcsu 
functions’  kind  depends  on  the  streamflow  direction  and  is 
found  from  [1].  As  a  result  we  have  a  non-evident  of 
dqjendency 

Xl=f(Tccn,  TsCen,  TwHcn), 

that  pennits  to  calculate  the  THP  energetic  parameters,  tlaj 
intensity  of  evaporation  and  condensation. 

From  (18)  it  follows  that,  the  hot  radiator  ventilating 
air  can  cool  or  get  wann  when  moving;  tliis  is  defined  by 

dT 

symbol  and  explicated  by  “evaporating  capacity”  of 

hot  edges.  So,  if  the  THP  heat-productivity  is  insulTicient  for 
water  evaporation,  this  deficit  is  compensated  by  air  coolingj 
accordmgly  under  condition: 


7^4,  BT,f^  +  U  cCh^h 


Tc(x)  -  '4c(x)  + 

Condensation  of  moisture  from  the  stream  of  cooled 
air  (Fig. 2)  take  place  when  Trc<Tsc  and  can  be  partial 
(0<Xi<l)  or  full  (Xi<0).  The  necessary  condition  of 
condensation:  the  surface  temperature  of  the  cool  radiator  on 
ilie  exit  is  less  that  the  air  saturation  temperature  on  the 
radiator  entrance 

TRc«<Tsccn;(21) 

the  condensation  of  the  total  area  Fc: 

TrCcii  <  TsCtn.(22) 

The  temperatures  Tacex  and  Trcm  are  calculated  for 
“dry”  heat  balance  =0)  as  functions  Tccx,  Twh(x=i)  and 
Tc=n,  TwH(x=0): 


K  J 


Tc”=Tc  when  Yc-^  (dry  section)  and  Tc-=Twc 

when  y  ^0  (wet  section). 

The  difficulty  of  the  direct  evaporation  cooUng 
system  realization  is  explained  by  the  overloading  of  the 
ventilating  channels  with  porous  plates.  In  this  connections^ 
the  scheme  of  the  preliminary  air  cooling  in  front  of  radiator 
is  more  convenient  for  an  adiabatic  device.  Theretore  this 
method  of  indirect  cooling  of  radiator  has  an  energetic 
demerits,  evaluated  by  comparative  analysis. 

As  a  base  of  comparison  let’s  review  the  THP  with 
intermediate  heat-bearer  on  the  hot  edges,  pennitling  to 
remove  a  hot  radiator  to  avoid  an  undesirable  difiusioniii 
transfer  of  vapor  into  the  area  of  cooled  air.  The  intennediate 
heat-bearer  can  be  represented  by  a  closed  liquid  contour* 
assuring  the  “planned”  hot  edges  temperatures,  that  simplifies 
a  calculating  scheme. 

The  comparison  of  direct  and  mdirect  evaporing 
cooling  is  reduced  to  evaluation  of  infiuence  of  hot  radiator" 
thennic  resistance  )  on  the  THP  cooling  productivity: 
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Sc  mat  “  S( 


^[f^HR-^] 


AT  -T  -V 
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Ai,  Vi,  -  are  the  functions:  on  the  section  “hot  edges 
-  intennediate  heat-bearer”,  Tn-cn  -  conventional  air 
temperature  on  the  entrance  to  hot  radiator:  for  direct 
evaporating  cooling  TH'cn=TwHcn,  and  for  indirect  one 
Th'cii^Thvcx  -  on  the  exit  from  adiabatic  evaporating  air¬ 
cooler.  When  the  effectiveness  of  the  last  one  is  maximum 

{Ei^  ->  l) 

TnVex=TwHen 

and  the  values  Qc  of  two  schemes  are  different  only  at  the 
e.Kpense  of  values  . 

For  indirect  cooling  of  radiator 


1  -  exp 


E(fv.,y' 


and  for  direct  one 


^  ~  hEh^Ei- 

The  advantage  of  the  direct  evaporating  cooling  is 
obvious  at  the  expense  of  large  values  e.g.  when 

Tsh=300  K  /  ^  =  3,85. 

Equality  of  the  cooling  effect  of  both  schemes  is 
assured  by  more  complicated  construction  of  the  indirect 
evaporating  devices:  increased  dimensions  and  air  debit.  The 
advantages  evaluating  of  the  direct  cooling  by  the  value 


{(^hEh),  ’ 


cc 

when  — ^  =W  and  cOj  =  at,  =  tu 

are  presented  on  Fig.  3.  From  condition 
follows: 


Fig. 3  Direct  evaporating  cooling  advantages: 
economy  of  “convective  conductivity”  of  radiator 


The  possibility  of  substantial  decrease  of  the  value 
is  evident,  e.g.  of  67%  when  y  -2,  ft>=0,2, 
ju—  I .  This  fact  gives  a  possibility  to  make  a  convective 
surface  with  a  greater  equivalent  diameter  (of  75%)  or  to 
minimise  to  three  times  the  radiator’s  dimensions.  The 
decrease  of  CCffFf,  leads  to  reduction  of  irrigating  demands. 
So,  the  heat  stream  for  water  evaporation  in  the  direct 
cooling  device  is: 


For  an  adiabatic  air  cooler  the  indirect  cooling 
device,  when  Ey  1  is: 

^+rH 
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When  a„F;j«WH,  we  can  obtain 

^llWgc  ~  '^WHen  ^  _  Qi'\  ^  j. 

On..  Q.2 

the  decrease  of  debit  of  evaporated  water. 

The  calculation  of  the  device  with  intennediate  heat- 
bearer  are  made  when  TwH=Twncn  f(x),  that’s  truth  for 
schemes  without  intennediate  heat-bearer  w'hen  a  big  value 
Wh.  The  existence  of  the  coordinate  Xi  of  the  condensation 
beginning  in  the  limits  0  <  X,  <1  accordingly  to  (23),  (24) 
corresponds  to  the  boundaries 

K  <  '^c.n-Tsc.^  ^  - 1.(32) 

'^SCen  ^in 


From  (37)  it  follows:  with  increasmg  of  the  air  relative 
humidity  on  the  radiator  entrance  (decreasing  of  the  disparity 
Tcen-Tscen)  and  with  decreasing  of  the  limit  Tnun  of  the 
thennoelectric  cooling  the  value  Xi  decreases  -  water 
condensation  surface  increases.  This  fact  is  contributed  by: 
the  increasing  of  the  thenno-conductivity  K  of  the  battcryj 
decreasing  of  the  convective  heat  yield  mtensity  (when 
Wc>Kc),  of  thermic  resistances  ^  and  air  debit  Wc  . 

On  the  section  of  condensation  (Xi  <  X  <  1)  thi5 
temperature  of  cooled  air  on  wet  thermometer  included  in 
(19),  (20),  is  found  as 

’^wc(x)  ~  '^WC[x{)  ~  ^C(A'i)  ""  ^inl  ^ 
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■t^H'O+rc +^)+rc^‘ 

A(l+K^) 


On  the  “dry”  section  (0<X<Xi): 

^^Cdr  -  ^C«n(X=0)  “  ^C\[X=Xi)  ~ 


Evaporation  mtensity: 

Q  =  _ 

^  y  VsHex  ^SHm)~ 

—  Qniy  ^11  ~  ^Hax)  _  Y  H 

^  Kl  +  r/r) 


'^Citn[X=Q)  ^in  ^Cdr>{^^) 


j,  ,  i+N‘  r 

£c..=l-  — =l-exp^--j.(46) 

The  values  of  the  cool  productivity  on  the  “dry”  and 
“wet”  sections; 

Qcdr  - 


Qcw  ~  ^d^'^Y  c  )^tyc  ■ 

The  middle  integral  temperatures; 


'p  _  ^  Cdr  ,  'T' 

^Cxlr  ..  I" 


7’  Qctv  1  +  K  +  y  ^ 

The  expression  of  the  THP  heat  productivity; 


l+N^  +  ;y^  A 

TH-ep=TwHen  whcn  Yh  TH*en=TH4n  for  tllC 

case  of  elimination  of  the  evaporating  cooling  (y  h  ~  0)-  ^di-, 

Udr  are  calculated  when  Yc  =  0:Bw,Uw  -  when  Y  c 
Consumed  electric  power; 

^dr  ~  Qlldr  ~  Qcdr  1 
~  Qhw  ~  Qcw  ■ 

Water  condensation  intensity  (kg/h); 


WcYcSTsc 


Qffdr  '^QhW  ^ 

r  r  (2  F  ■ 

I  L  ^  JJ  J 

The  Fig.4  shows  the  results  of  calculation  of  the 
thenno-electric  air-cooler  with  next  parameters;  K.=39  W/K‘ 

Z=2,56*10-5  K-':  =0,22=const  for  regimes  1  and  2  of 

“dry”  and  evaporating  cooling  of  hot  radiator;  /9^,(,=0,I; 

y=0,22;  0^^0=330  W/K;  W/K;  WHi=70O 

W/K;  Wh2=144  W/K;  Tccn=TH=„=313  K;  Tsc=n=TsHen=300  K  1 
relative  humidity  52,7%;  Wc=60  W/K. 


Fig,4  Comparison  of  the  calculation  results  for  the 
“dry”  ventilating  and  evaporating  cooling  schemes 


The  advantages  of  the  evaporating  cooling  of  hot 
radiator;  cool  productivity  is  increased  to  22%;  consumea 
electric  power  is  decreased  to  9,7%  ;  the  drying  clTect 
(intensity  of  water  condensation)  is  increased  to  67,7%;  the 
air  of  hot  radiator  is  cooled  to  6,6  K  (additional  coolincJ 
effect);  when  eliminating  the  evaporating  coolmg  the  air 
stream  is  heated  to  3,37  K;  the  demand  of  ventilating  air  is 
decreased  to  4,86  times.  Insignificant  Tsc  decrease  and  Tsrt 
increase  and  the  small  temperature  heads  “Trh-Tsh”  and 
“Tsc-Trc.”  within  the  admissions  are  confmned  (3),  (4).  Thfcl 
intensity  of  water  evaporation  is  4,84  kg/li. 
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Consiruclion  diflicullics  of  the  organixalion  of  water 
transport  to  the  hot  radiator  surface  due  to  capillar  cflcct 
are  jusiilicd  for  cooler  of  great  cai>acily.  For  small  cooling 
dcviccs-rcfrigcraiors,  icc-inakcrs,  drink-coolcrs  -  the  use  of  the 
adiabatic  evaporatuig  noz^e  representing  an  element  of 
indirect  cooling  system  is  justified. 

The  testing  results  of  the  above-mentioned 
experimental  devices  are  shown  on  Fig.  5,  6,  7,  8,  9. 


Fig.  5  THP  combined  with  water  evaporation  cooler 


On  Fig.  5  we  can  observe  the  characteristics  of  THP 
combined  with  an  evaporating  cooler:  in  front  of  hot  and 
cool  radiators  where  the  air  is  cooled  an  welted  by  an 
evaporating  nozzle.  The  air  temperatures  on  exit  of  hot  and 
cool  radiators  when  moistening  the  nozzle  are  decreased 
accordingly  to  7  and  4  K. 

The  Fig.  6  represents  the  testing  results  of  the 
ihenno-clcctric  ice-maker:  the  advantages  of  evaporating  air 
siream  cooling  in  front  of  radiator  are  increased  depending 
on  the  temperature  Tsur  growth  of  surrounduig  air.  When 
Tsur=308  K  the  productivity  of  the  ice-maker  increased  to 
60%. 

The  Fig.  7  demonstrates  the  advantages  of  the 
evaporating  coohng  by  dynamic  characteristics  of  the  ice- 
maker;  the  time  of  one  portion  of  ice  preparation  (70  g)  is 
reduced  twice. 

The  Fig.  8  represents  the  static  characteristics  of  a 
refrigerator  with  capacity  of  4-5  1:  thanks  to  air  cooling  in 
front  of  hot  radiator  and  the  thenno-isolation  surface  [2]  the 
temperature  depth  of  the  cooling  is  increased  to  5-7  K. 

The  Fig.  9  represents  a  dynamic  characteristic  of  a 
drink-cooler  (capacity  0,33  1):  advantages  of  evaporating 
cooling  become  evident  when  a  great  dqith  of  cooling:  the 
time  of  cooling  from  298  to  273  K  is  reduced  to  1 ,5  times,  and 
to  288  K  -  to  1,4  times.  The  intensity  of  water  evaporation  is 
0,08-0,1  kg/h. 


Fig.  6  Productivity  of  the  great 
thennoelectric  ice-maker  with  evaporating  cooling 


Fig.  7  Dynamic  characteristics  of  the  small  ice-maker 
with  “dry”  and  evaporating  cooling 


Fig.  9.  Dynamic  characteristics  of  the  drink-coolers. 


Tkh,  Tfh,  Th,  Tsh;  Yh,  Yfh  and  Trc,  Tfc,  Tc,  Tsc;  Yc,  Yfc  - 
temperatures  of  wet  radiator  surface,  outward  surface  of  a 
liquid  film,  air,  air  saturation  water  vapor,  K;  specific  weight 
contenance  of  the  water  saturated  vapors  when  the 
temperature  is  Ts,  the  same  ones  when  the 
temperature  is  Tf,  kg  vapor/kg  dry  air-accordingly  on  the 
sides  of  hot  and  cool  THP  radiators;  Twh  and  Two  - 
temperatures  of  air  on  wet  thermometer;  and  - 
densities  of  the  heat  streams  on  the  radiators’  convective 


surlaces,  W/m^;  (9,^  and  -  accordingly  heat-  i.ad  cool 
liroduelivilies  of  the  THP,  W;  a  -  iivenigc,  Inking  aceouiu 
ail  clTectivcness  of  radiator  elemenls,  value  of  heat  yield 
coefficient;  kp  -  heat  transfer  coefficient  tlirough  a  liquid 
film  or  wet  porous  covering,  W/m^  K;  C  -  specific  weight 
heat  of  wet  air,  W  li/kg-K;  K  -  heat  conductivity  of  thenno- 
elements  battery,  W/K; 

^0  ~  ~  Pho  ~^PcaPn^'> 

and  -  non-measured  thennic  resistances  of  the 

sections  “cool  fihn  surface  F(,  -  cool  edges”  and  “hot  edges  - 
hot  fihn  surface 

Pc, Ha  ~  f 

Rc,h  -  thennic  resistance  of  the  above-mentioned  sections, 
W/K;  /?,  -  thermic  resistance  of  the  section  “liquid' 
intennediate  heat-bearer  -  surface  of  the  hot  radiator”; 
y  -  non-measured  density  of  the  electrical  current; 

A,  =l  +  r{l-ypp^);B,  ^  \  -  y{l  +  v/3 co), 

F„=0,5v^Z-'[l  +  (2-p)y?,„]; 

U,^0,5v^Z-'l\  +  (2  +  y)fi,,], 

Z  -  parameter  of  the  thenno-clements  battery  high  quality. 
^  ^c.H  -  water  equivalents  of  the  ventilating  air,  W/K; 

I  =  {j  +  ^Yjw~ 

heat-contenance  of  the  wet  air,  W;  r  -  specific  weight  of  heat 
evaporing  or  condensating,  W  li/kg; 

X  -  non-measured  coordinate. 
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EXAMPLE  OF  APPLICATION  OF  THERMOELECTRIC  COOLER 
WITH  HIGH  Tc  SUPERCONDUCTING  ELEMENTS 

N.A.  Sidorenko 

Institute  for  Problems  in  Mechanics, 
prospect  Vemadslcogo  101,  PO 117526,  Moscow,  RUSSIA 


Construction  and  main  characteristics  of  combined  cryocooler  for  long  wave 
photodetector  arrays  with  thermo  stabili2ation  level  at  70K  are  presented, 
where  magneto-thermoelectric  battery  with  high  superconducting  passive 
branches  serves  as  the  last  cooUng  stage. 


1.  Introductioo 

Application  of  passive  high  Tc  superconducting  (HTSC) 
branches  together  with  n-type  Bi-Sb  semiconducting 
branches  gives  opportunity  to  extend  effective  thermoelectric 
(TE)  cooling  to  cryogenic  temperatures:  60K<T<Tc  [1-5]. 

Previously  [6]  the  main  requirements  were  formulated  to 
obtain  high  figure  of  merit  of  TE  couples  with  passive  HTSC 
branches  and  possible  construction  of  single  stage  magneto¬ 
thermoelectric  (MTE)  coolers  was  described. 

Present  report  is  a  continuation  of  previous  one  [6]  and 
aimed  to  give  an  example  of  benefit  obtained  by  application 
of  MTE  cooler  with  HTSC  branches. 

Constmction  of  combined  cryostat  for  long  wavelength 
GaAs  quantum  well  photodetector  arrays  with  thermo 
stabili^tion  level  at  70K  is  presented,  where  sin^e  stage 
MTE  battery  with  HTSC  passive  branches  serves  as  the  last 
cooling  stage.  Cryogenic  bath  filled  with  liquid  nitrogen  is 
used  to  get  supporting  pre-cooling  of  MTE  stage. 

2.  Materials  for  cryogenic  MTE  cooler  branches 

Considering  both  TE  and  mechanical  properties  of  Bi-Sb 
alloys,  obtained  by  various  kinds  of  technique,  it  was  shown 
previously  [3,5,6]  that  n-type  Bi-Sb  single  crystals, 
containing  9-12  at.%  of  Sb  and  grown  by  Czochralski 
method  with  additional  annealing,  are  the  best  known  TE 
materials  to  build  up  effective  and  reliable  TE  or  MTE  cooler 
operatii^  at  temperatures  below  150K. 

In  previous  experiments  [3,4,6]  maximum  temperature 
difference  was  obtained  for  thermocouples  with  passive 
HTSC  YBaCuO  film  branches  and  thermoelectrically  active 
n-hq^e  branches  made  of  Bi-Sb  single  crystals  with  1 1.5-12 
at.%  of  Sb  content.  But  taking  into  account  results  of 
previous  mechanical  strength  investigations  [3]  it  is 
preferably  to  use  Bi-Sb  single  crystals  with  8.5-9.5  at.%  of  Sb 
content.  And  what  is  more  it  is  considerably  easier  to  grow 
perfect  and  large  single  crystals  containing  8.5-9.5  at.%  of  Sb 
content  than  containing  11.5-12  at.%  of  Sb  content  So 
Bio.9iSbo.og  single  crystal  was  used  to  prepare  n-type 
branches  of  single  stage  cryogenic  MTE  cooler  with 
operating  temperatures  in  the  interval  (65-80)K. 

Properties  of  TE  material  that  need  to  calculate  geometric 
configuration  of  one  stage  MTE  cooler  ensuring  requested 
cooler  parameters  were  measured  previously.  Temperature 


dependence  of  MTE  figure  of  merit  Z33(T),  Seebeck 
coefficient  *S33(T),  electrical  resistivity  /B3(T)  and  thermal 
conductivity  &33(T)  in  the  trigonal  direction  of  used  Bi-Sb 
single  crystals  are  presented  in  Fig.l.  AH  these  properties 
were  measured  independently  (with  accuracy  2-5%)  at 
temperatures  60-120K  in  the  presence  of  permanent  magnetic 
field  500-550  Gauss  directed  along  bisectrix  crystal  axis 
<121>. 

In  order  to  get  possibility  to  use  aU  passive  HTSC  film 
branches  deposited  on  single  substrate,  the  constitution  of 
single  stage  MTE  battery  was  chosen  as  a  row  of  thermo 
couples,  connected  electrically  in  series  -see  Fig.2. 

The  aggregate  of  passive  HTSC  branches  consists  of  6 
parallel  stripes  of  YBaCuO  (1-2-3  HTSC  phase  with  Ts=90- 

9 IK)  films  deposited  on  (001)  strontium  titanate  (SiTiOq) 
substrate.  HTSC  films  were  covered  (in  situ)  with  protective 
Au  layer  also  insuring  good  electric  contact  between  current 
leads  and  HTSC  material  with  (0.8-1. 4)- 10-4  ohm-mmZ  of 
contact  resistance  at  77K.  The  thickness  of  HTSC  layers  is 
0.4-0.5  pm,  the  substrate  thickness  is  0.3  mm.  The  width  of 
each  stripe  is  2  mm,  the  length  is  15  mm  and  distance 
between  stripes  is  0.1mm.  Dimensions  of  superconducting 
area  are  limited  by  dimensions  of  available  substrate  and  by 
characteristics  ©fused  film  deposition  set-up. 

HTSC  films  were  obtained  by  laser  sputtering  method 
which  insures  critical  current  density  of  thick  films 
jc>5106A/cm2  at  77K.  Thermal  conductivity  of  HTSC  film 
substrate  ksK18-20)W-m-iK-i  at  77-80K. 

SmCo  permanent  magnets  are  used  to  get  approximately. 
500  Gauss  of  transverse  magnetic  field. 

3.  Characteristics  md  application  of  single  stage 
MTE  cryocooier 

The  required  characteristics  of  MTE  cooler  are: 

-total  refiigerating  capacity  Qo  =70-80mW, 

-refiigerating  temperature  level  or  cold  side  temperature 

Tcold=70K, 

-hot  side  temperature  Thot  =77-78K, 

-direct  electric  current  I<5.5A. 

Dimensions  of  Bi-Sb  branches  were  calculated  in 
accordance  with  measured  TE  material  properties  (see  Fig.l) 
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and  properties  of  superconducting  branches  to  meet  required 
MTE  cooler  parameters. 

The  following  assumptions  were  used  to  cany  out  such 
calculations; 

1)  the  values  of  rj3(T).  and  Jfc33(T)  are  changed 

for  absolute  values  of  their  averages  (r33  ,  S33  and  k33 
conespondingly)  over  temperature  interval  70-80K, 

2)  the  value  of  Qo=N*qo ,  where  N  is  a  number  of  MTE 
cooler  flieimocouples  (N=6  in  our  case)  and  q©  is  an  average 
value  (over  a  number  of  thermocouples)  of  re&igerating 
capacity  of  single  thermocouple, 

3)  the  value  of  qo  is  considered  as  the  sum; 

qo=qp-(0.5-qj,n+qj.c)-(qh.n+qh,SC)  .  0) 

where; 

qp  -  S33'Tcold'I  is  a  Peltier  heat  absorbed  by  cold  thermo 
couple  junction; 

qj,  n=  r33-l2.(Lji/Ai,)  is  a  Joule  heat  emitted  by  n-type  Bi- 
Sb  branch,  where  Ln  tmd  An  are  the  length  and  cross 
section  area  of  Bi-Sb  branch  correspondingly, 
q  (pRc'12  is  a  contact  Joule  heat  and  Rc  is  a  total  contact 
resistance  of  junction  between  Bi-Sb  branch  and  HTSC 
branch  through  copper  bus-bar,  the  measured  value  Rc 
2,5>1(H  Ohm; 

qh,  n=J^33-(Thot  -Tcold)'(An/Ln)  is  a  heat  flow  to  cold 
junction  due  to  thermal  conduction  of  n-type  branch; 
qh  SC=5^-Crhot  -Tcold)-(Asc/Lsc)  is  a  heat  flow  to 
cold  junction  due  to  thermal  conduction  of  HTSC  branch 
where  Lgc  and  Asc  are  the  length  and  cross  section  area  of 
HTSC  branch  correspondin^y; 

4)  the  MTE  cooler  energy  consumption  W=N*'W ,  where 
W  is  an  average  value  of  energy  consumption  of  single 
thermocouple; 

5)  the  value  of  w  is  considered  as  the  sum; 

'W=qj,n+2-q],c+ S33-(Thot-Tcold>I  J  (2) 

6)  ef&ciency  of  MTE  cooler  is  characterized  by  coefficient 
of  performance  (COP)  that  can  be  erqrressed  as; 

COP=qo/w  .  (3) 

The  aim  of  calculation  procedure  is  to  get  maximum  value 
of  thermocouple  refiigeratmg  cqradty  qo  on  the  basis  of 
previously  measured  properties  of  TE  and  HTSC  materials 
and  the  following  set  of  thermocouple  characteristics;  Tcold 
=70K,  Thot=78K,  An=5mm^  AsC'^O.dmm^  Lsc=15mm, 
I<5.5A. 

The  values  of  electric  current  I  arui  length  of  Bi-Sb  branch 
Ln  are  variables. 


Maximum  value  of  qo=12mW  is  achieved  if  I=5.2A  and 

Ln=4mm.  InthiscaseCOP=0.16. 

Refiigerating  surface  of  the  whole  MTE  cooler  is  13x13 
mm^.  Plates  of  permanent  magnets  are  mounted  parallel  to 
row  of  Bi-Sb  branches. 

MTE  battery  wifli  magnets  are  placed  in  copper  fi:ame  to 
protect  battery  fi'om  external  mechanic  damage  and  heat 
radiation  -see  Fig.4,  where  general  appearance  of  actual  MTE 
cooler  is  shown. 

The  MTE  cooler  is  aimed  to  use  as  the  last  cooling  stage 
of  combined  cryostat  for  long  wavelength  GaAs  quantum 
well  photodetector  arrays.  Fig.3  shows  the  scheme  of  the 
combined  cryostat  with  MTE  cooler  and  Fig.5  shows  MTE 
cooler  placing  in  the  actual  combined  cryostat. 

The  whole  combined  cryostat  insures  re&igerating  capacity 
Qo=70mW  at  70K  of  cold  temperature  level.  The  liquid 
nitrogen  stock  (250mL)  insures  2  hours  of  continuous 
operation  of  MTE  cooler.  Combined  cryostat  has  following 
dimensions;  diameter  90  mm,  height  230mm,  weiglit  3.5  kg. 

4.  Conclusions 

The  available  recent  technologies  of 

1)  Bi-Sb  single  crystal  growth  by  Czochralski  method, 

2)  YBaCuO  high  To  superconducting  films  preparation  by 
laser  sputtering  method, 

3)  assembling  of  thermocouples  aggregate  with  YBaCuO 
superconducting  film  passive  branches 

allow  to  build  up  cryogenic  MTE  coolers  which  are  effective 
and  reliable  at  temperatures  65-90K. 

Combination  of  single  stage  cryogenic  MTE  cooler  with 
small  liquid  nitrogen  bath  allows  to  build  up  portable,  simple 
and  inexpensive  hybrid  cooling  system  for  irffiared  radiation 
receiver. 
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Fig.2.  Scheme  of  constitution  of  single  stage  MTE  cooling 
battery  as  an  row  of  thermocouples  with  film  HTSC  passive 
branches:  1  -row  of  Bi-Sb  n-type  branches.  2  -row  of  HTSC 
film  stripes  deposited  on  single  substrate,  3  -battery  cold  side, 
4  -row  of  copper  bus  leads  at  battery  hot  side,  5  -metallized 
BeO  plate.  Permanent  magnets  are  not  shown. 


Fig.3.  Total  scheme  of  the  cryostat  1  -output  of  gaseous 
nitrogen,  2  -vacuum  pump  line,  3  -electric  "input-output",  4  - 
heat  exchanger,  5  -liqiud  nitrogen,  6  -heat  screen,  7  -stainless 
frame.  8  -MTE  cooler.  9  -infrared  window. 


Fig.  1.  Thermoelectric  properties  of  Bi-Sb  n-type  branches 
of  MTE  cooler  in  transverse  magnetic  field. 
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Fig.  4.  General  appearance  of  MTE  cooler;  1  -reftigerating 
surfece  (13x13  mm*  at  70K)  of  the  MTE  cooler;  2  -MTE 
coder  copper  fiame  at  temperature  77-78K;  3  -MTE  cooler 
leads. 


Jem 


Fig.5.  MTE  cooler  placing  in  the  cryostat:  6  -heat  screen,  7  - 
stainless  fiame,  8  -MIT  cooler,  9  -infiared  window  (item 
numbers  correspond  to  Fig.3). 


This  wo±  was  performed  under  grant  N  92094  of  Russian 
State  program  “High  Tc  Siqjeroonductivity”  The  perfect 
YBaCuO  superconducting  films  were  manu&ctured  in  the 
Institute  of  .^pUed  Physics  (Niznh  Novgorod,  Rirssia).  The 
arrfiior  would  like  to  help  Mr.  A.  V.  Medvedev  ftrr  assistance 
in  manufiteture  of  infiared  window  and  metallic  parts  of 
cryostat  at  “Rostov  Plant  for  Cities  and  Mechanics” 
(Rostov,  Russia). 
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A  generaSized  procedure  t©  study  multistage  thermoelectric  cooler 
operated  In  the  regime  of  maximum  energy  efficiency. 


Galperin  V.L. 

MGNPP  “OSTERM”,  St.  Petersburg,  Russia 

The  paper  presents  findings  from  an  analytical  investigation  of  multistage  thermoelectric  coolers  operated  in 
the  regime  of  maximum  energy  eflQciency.  A  criterial  equations  has  been  obtained  permitting  to  define  the 
conditions  of  attaining  the  maximum  coefficient  of  performance  in  thermoelectric  and  combined  multistage 
coolers.  The  relationships  describing  their  main  characteristics  are  given. 


Towards  the  Problem  of  Equality  of  Stage 
Coefficients  of  Performance 


Among  the  main  challenges  in  designing  efficient  multistage 
cooling  systems  is  definition  of  operations  conditions  for  each  of 
the  stages  in  terms  of  power-  efficiency  of  the  whole  system. 
Most  frequently  the  starting  point  is  the  generally  accept  idea  of 
equality  of  stage  coefficients  of  performance  [1-5],  even  though, 
as  is  shown  in  [6],  this  may  not  be  true  for  a  number  of  cases. 
Consider  the  problem  in  greater  detail. 

It  is  a  matter  of  general  experience  [7]  the  maximum  coefficient 
of  performance  in  a  multistage  thermoelectric  cooler  is 
obtainable  with  the  minimum  function 


Mo ’ 
;=! 

defined  with  the  set  of  equations 


where 


Mi 


diMiMi^i) 


dT, 


(1) 


(2) 

(3) 


£■,  -  coefficient  of  performance  of  the  i-th  stage; 

M,  =  Vl  +  0.5Z,  Tj  -  universal  thermocouple  characte-ristic  of 
the  i-th  stage;  T.  -  intermediate  temperature  between  the  i-th  and 
(i+l)th  stage;  jT  -  mean  temperature  of  the  i-th  stage; 

-  figure  of  merit  of  i-th  stage  units. 


Since  the  function  ju.  and  in  the  temperature  interval 
are  intermittent  and  can  be  differentiated, 

the  function  has  its  minimum  at  the  same  point  that 

the  product  so  that  to  examine  the  expression  (1) 

instead  of  the  set  of  equations  (2)  one  need  only  to  analyze  the 
system  of  equations 

c/r. 

By  substituting  in  it  the  expressions  for  jj,.  and  from  (3), 
and  differentiating,  we  obtain 


.  ^  dM.  dM^ 

M.+ - '~T,  - -T,,-\ 

dT,  dT. 


dMi.,  ^  ,  dMf., 

- 

dT,  "  dT.  ' 


(5) 


On  appropriate  rearrangements  (5),  allowing  for  (3),  we  find  that 


Mi 

Mi^x 


[dJA^ 


dM, 


T,,,M,  -  T,_,Mi.x  +  Ti\  -^Ti.x  - 

\  dT,  dT^  j 


dM, 


dM, 


-T:\  M,,, - ’--M, 

dT  dT, 


T  M  -  T  M  -  T  T  -  T  ]  _  r  T  {  \A  __  HA 


_ 'TLj  _ _ Lj  -j  j  M _ '--M 

V  dT.  dT.  J  V  dT. 


dT, 


(6) 


This  is  just  the  generalized  criterial  equation  permitting 
definition  of  the  relationship  of  stage  energy  characteristics.  Let 
us  examine  the  relationship  obtained.  Assuming  that 
=  const ,  we  will  gain  the  familiar  equation 
Mi  / Mi+\  ~  1  exact  equality  of  coefficients  of 

performance  e^.  If,  however,  we  hold  that  each  stage  M.  is 


temperature  independent,  that  is,  dMjdT=0  ,  but 
M.  ^  M.  ,  wre  will  become  the  equation  - 

Mi  ^  T.^x^.  - 
Mi.x  T,^xMi.x-Tx.xM, 

Application  of  the  equation  (7)  is  advisable  wlien  the  nature  of 
the  relationship  M(T)  is  unknown,  with  only  M.  values 
given.  In  this  case  the  relationship  cannot  be  equal  to 
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unity.  Let  us  then  examine  the  actual  temperature  dependence 
A/(r)  which  for  tertiary  alloys  Bi-Sb-Te  in  the  interval  (120- 
330)  K  can  be  represented  [2]  the  form 


Graphic  representation  of  the  function  in  the  same  source 
indicates  that  the  M{T)  dependence  can  —  with  suflBcient 
accuracy  —  be  described  by  the  linear  function 


M,=dT.  +c 


for  thermocouples  with  temperature-optimized  parameters  o  = 
0.312,  b  =  0.259,  which  are  in  line  with  coefiQcients  of  =  1.5- 10'^ 
and  c  =  0.93. 

From  the  expression  (9)  it  follows  that  the  equation 

dM,  dM.^^ 
dT,  dT^^^ 

with  account  for  which  the  equation  (6)  can  be  rearranged  in  the 
form 


'+1  T  M 

/+1  /+1 


-  -  M,)\ 

-  T„M,  -  -  M,)] 


Analysis  of  the  relationship  [8]  brings  to  the  approximate 
equation  =  1  accurate  to  1%  and,  consequently,  to  the 

actual  equality  of  stage  coefBcients  of  performance  £.  as  well. 

The  most  substantial  physical  reasons  for  the  equality  of  stage 
coefficients  of  performance  allowing  for  the  actual  temperature 
dependence  M{T)  are  the  invariable  and  modest  derivative 

dM 

— —  and  the  negligible  difference  between  arithmetical  and 

dl 

geometrical  mean  temperatures  of  stage  sides  iT<„,  n,), 
eventually  determined  temperature  behavior  and  efficient 
value  of  thermoelectric  materials,  and  also  by  operating 
temperature  range. 

An  important  consequence  of  our  investigations  was  the 
invariable  fimction 

fir  \  ~ 

(12) 


where  the  right-  hand  part  of  (11)  goes  over  with  - -  =  0 

dT, 

This  is  easily  demonstrated  by  examining  in  the  interval  from  1 
to  2  the  function 


(13) 

derived  from  (12)  using  the  M(T)  dependence  (8)  and 

inserting  the  variable  X  =  .  The  value  of  the 

function  is  only  governed  by  the  form  of  temperature 
dependence  A/-characteristic,  remaining  intact  irrespective  of 
thermocouple  operating  temperature  difference.  Thus  for 

—  0.259 

example,  with  A/  =  0.3 12-7  ,f(x)  =  0.n.  Another 
consequence  was  that  the  suggested  approach  to  optimization  of 
multistage  thermoelectric  coolers  could  be  extended  to  a  variety 
of  combined  cooling  systems.  In  this  case  the  criterial  equation 
(6)  will  take  the  form  as  follows: 


|U^  'Hi)  /  7i+i) 

t;., 77,(1  -  77, - t;)] 


where  77,  -  degree  of  thermodynarrtic  sophistication  of  the  i-th 

stage  [9,  10],  This  also  does  not  make  readily  apparent  the  where  t  ■ 

equality  of  stage  coefBcients  of  performance,  whose  relationships 

are  determined  by  examinations  of  the  right-  hand  side  of  the  cooler, 

expression  (14)  in  each  particular  case. 


4  Workable  Model  for  Multistage 
Thermoelectric  Coolers. 

Consideration  of  actual  temperature  dependence  of  M  and  Z 
parameters  comes  up  with  an  optimal  division  of  interstage 
temperatures,  slightly  differing  from  theoretical  distribution 


,  N  -  number  of  stage  in  a  thermoelectric 


r  -1  1 


(A(-7)^  777M„,^,„,+ 

,  m=l 

m=n 

+  /^(77-/77)M„,^,,„, 


f  _ 


for  the  case  M,  =  const  .  According  to  Entering  the  function 


[11],  the  true  value  of  intermediate  temperatures  can  be 
represented  as 


~  ^0^  (1  "I"  ®/) 


m=n 


we  represent  temperature  distribution  (15)  in  the  form 


7;=r/ 


Using  ,  one  can  obtain  expressions  for  the  coefficient 

of  performance,  maximum  temperature  dependence,  equivalent 


thermoelectric  efficiency  of  multistage  thermoelectric  coolers. 
They  are  given  in  the  table  of  basic  characteristics  of  multistage 
thermoelectric  modules,  along  with  similar  expressions  without 
allowance  for  temperature  dependence  of  thermocouple 
parameters. 


Table  1.  Basic  Characteristics  of  Multistage  Thermoelectric  Modules. _ 

Without  account  of  temperature  Accounting  for  temperature  dependencies  of  thermocouple  parameters 

dependencies  of  thermocouple  parameters 


M,-t 


T  -  Tt‘  t 


-1 


7:  =  r/ 


2  1  +  -1 
^  2  ) 


2  1+^A  +  /(-)(M,.) 


Comparison  of  expressions  given  in  the  right-  and  left-hand  sides 
of  the  table  demonstrates  that  account  of  temperature 

dependencies  is  taken  by  the  function  specified  by 

the  relationship  (17).  The  function  is  a  matrix 

setting  into  correspondence  the  theoretical  and  practicable 
models  for  a  multistage  thermoelectric  module.  It  is  easily 
comprehended  that  in  the  case 

0,  (Mj  =  const)  all  right-  hand  formulae  go 
into  corresponding  left-  hand  ones. 


The  matrix  is  composed  of  (A-1)  lines,  each  being 

the  sum  of  (A^-1)  items  describing  characteristics  stages,  with  the 
most  important  contribution  to  the  intermediate  temperature  7, 
made  by  the  item  with  number  /,  related  to  the  i-th  and  (i+l)-th 
stages.  The  lines  with  numbers  i  and  (i-l)  have  the  same 
coefficients  with  functions  ,■  but  in  the  reverse  order.  Tims 

knowledge  of  first  lines  will  permit  automatic  writing  of 

the  sum  for  the  remaining  lines.  The  matrix  characteristics  are 
readily  perceived  in  the  case  of  the  7-stage  thermoelectric 
module. 


Analysis  of  the  expressions  given  in  the  table  indicates  that 
accounting  for  actual  temperature  dependence  of  thermocouple 
parameters  by  the  function  makes  it  possible  to 

select  the  interstage  temperatures  (18)  ensuring  the  most 
favorable  operating  conditions  for  each  stage  in  terms  of 
improving  the  coefficient  of  performance  in  the  whole 


6A/21  “^^-^32  ^  16 

5M21  +  lOA/32  +  8A/43  +  6A/54  +  4A/j5  + 

]_  +  8A/32  +  12M,2  +  9A/,4  +  6A/„  -b  SiW',, 

7  3A/2,  +6M22  +9M„  +12A^54  +8A4,5  +4A/,, 

2M21  +4A/32  +6M^2  ”^8^/54  -blOA^j,  -b  SA/^g 

M^i  +2M22  +3A/43  +4M^^  -b5A/g5  -bbA/^e 

thermoelectric  module,  rational  stage  selection,  resulting  in 
improved  equivalent  thermoelectric  efficiency  and  consequent 
extension  of  maximum  permissible  temperature  difference. 
Evaluation  of  seven-  [12]  and  eight-stage  [13,14]  thermoelectric 
modules  using  the  expressions  revealed  that  energy  consumption 
could  be  reduced  by  25-  30  %. 
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Conclusions. 

A  criterial  equation  has  been  obtained,  to  optimize  multistage 
thermoelectric  and  combined  coolers  operated  in  the  regime  of 
maximum  energy  efficiency,  accounting  for  temperature 
dependencies  of  thermoelectric  material  parameters.  It  follows 
from  the  equation  that  the  generally  accept  criterion  in  the  form 
of  equality  of  stage  coefficients  of  performance  is  not  a  universal 
but  rather  a  specific  case  related  to  individual  temperature 
dependencies  of  semi-  conducting  materials  involved. 

A  procedure  to  define  the  parameters  of  multistage  cooler  has 
been  developed,  using  a  matrix  permitting  conversion  from  the 
theoretical  (neglecting  tempierature  dependencies)  to  a  workable 
(allowing  for  temperature  dependencies)  model  for  a 
thermoelectric  module.  The  procedure  is  applicable  with  all 
materials  used  in  the  stages,  ensuring  the  best  possible 
implementation  of  their  potentials,  a  significant  improvement  in 
energy  efficiency  of  cooling  devices,  particularly  with 
temperature  differences  approaching  the  maximum. 
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The  paper  discusses  problems  of  non-steady  cooling  with  thermoelectric  modules  operated  in  pulsed  mode. 
Formulae  suitable  for  engineering  design  have  been  obtained,  describing  the  relationships  of  temperature 
differences  on  cold  junctions  and  those  between  optimal  current  and  time.  The  paper  presents  finding  from 
experimental  studies  of  thermoelectric  coolers  and  a  fast-  acting  device  built  around  them. 


Introduction 

A  key  element  in  the  solution  of  many  problems  of 
thermoelectric  cooling  is  appraising  potentials  of  thermocouples 
in  cooling  the  subjects  in  short  time  periods  before  they  attain  a 
steady  state.  These  operating  conditions  are  prevalent  with 
electronic-  and  medical  engineering  products,  information 
recorders  and  processors.  The  data  obtained  from  a  series  of 
investigations  [1-4]  contributed  to  a  deeper  insight  in  the  physical 
meaning  of  non-steady  cooling  processes,  while  their  practical 
application  in  engineering  design  has  been  highly  problematic. 
The  traditional  solution  of  conductivity  equation  results  in 
cumbersome  numerical  analytical  procedures,  and  multiple 
approximations  and  assumptions-  to  disagreements  with 
experimental  data. 

Design  model 

This  paper  presents  analytical  expressions  to  describe  time 
relationships  of  thermoelectric  cooler  parameters  with  short-  time 
pulse  duration,  resting  on  the  assumption  that  maximum  cooling 
effect  is  dependent  on  the  preservation  of  quantities  like:  The 
amount  of  Joule  heat  released  in  a  thermocouple  in  the  pulse 
time,  i.e. 

r~  Rt  ,=  const  (1) 

Po  P 

The  thermoelectric  power  required  to  overcome  the  Seebeck 
voltage,  i.e. 

a/„  AT,  =  const ,  (2) 

Po  PmsK 

where  I  -  optimal  current  required  to  attain  maximum 

Po  ^ 

temperature  difference  in  the  thermocouple  in  the  pulse 

time  X  p  \  R  -  thermocouple  electric  resistance;  a  -  Seebeck 
voltage. 

The  assumption  of  Joule  heat  preservation  accords  well  with 
precision  solutions  of  non-steady  problem  [3,4]  also  furnishing 

the  optimal  relationship  I ~  const  for  maximum 

temperature  lowering  our  choice  of  the  other  constant  quantity 
is  an  energy  parameters  related  to  purely  thermoelectric  surface 
effects  (as  distinct  from  Joule  heat)  and  time-independent. 
Representing  entry  into  steady-state  operation  in  the  form  of  a 
pulsed  process  with  parameters  /„,  To,  A7^,^  and  starting  from 
the  terms  (1)  and  (2),  we  become  the  following  equations 

^^.=^0-0  (3) 


where  /„  -  optimal  current  in  the  steady-state  mode;  Xo  -  time 
constant;  -  maximum  temperature  difference  in  steady- 

state  thermocouple,  allowing  determination  of  and  A7]j_^ 


From  the  familiar  steady-  state  condition  for  the  cold  side  of 
thermocouple  without  thermal  load 

a/7; -0.5/^J^-kA7’=  0  (7) 

The  expression  for  temperature  difference  AT,  on  some  simple 
rearrangements,  can  be  represented  as 

Ar  =  Ar_(-(///o)^+2///„)  (8) 

Reasoning  that  it  must  be  true  for  the  pulsed  mode  as  well,  we 
will  write.it  as 

at; =4?',..  (-(',/'»)’ +2/,//„)  (9) 

where  tsT  -  the  temperature  difference  corresponding  to  pulse 

current  7^. 

Substituting  7^^  from  (5)  and  Af,,^  from  (6)  in  (9),  we  will 
come  up  with  the  equation  for  the  dynamism  of  the  cooling 
process 

Ar(T)  =  Ar_(-(/^T^'V-^o  )  +  2(/tAo  to)).  00) 

The  nature  of  time  and  current  dependencies  in  this  expression  is 
in  complete  agreement  with  reported  solutions  of  a  similar 
problem  [3,4],  which  is  another  evidence  in  favor  of  our 
proposals. 

Using  the  expressions  (5),  (6),  (10),  we  can  work  out  operating 
and  optimal  parameters  of  thermoelectric  coolers  in  non-  steady 
modes  with  t  <  t„,  defining  their  potential  temperature  — 
lowering  range  during  the  course  of  one  pulse.  The  expressions 
are  simple  and  convenient  in  practice  as  first  they  permit 
analytical  calculations,  and  second,  only  manipulate  quantities 
like  Ar^^^  and  optimal  current  /„,  t„.  The  maximum 
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temperature  difference  and  optimal  current  /„  are 

universal  and  generally  known  characteristics  of  the  steady 
mode.  The  time  constant  r„  determines  the  pace  of  entry  to  the 
steady-  state  and  is  primarily  dependent  on  proper  thermal 
capacities  of  the  thermocouple,  connecting  plate  and  the  subject 
to  be  cooled,  and  conditions  of  heat  exchange  with  the 
environment.  The  quantity  r„  can  be  found  by  mathematics 
means  [3,5],  and  where  this  is  a  problem  -  experimentally. 

Experiment 

Experimental  investigations  in  the  dynamics  of  cold-side 
behavior  were  performed  on  microcoolers  1,  2,  3  mm  high  with 
connecting  plates  0.05  mm  thick  and  without  any  special  thermal 
insulation.  Heat  from  hot  junctions  was  removed  by  forced 
airing.  All  the  measurements  were  taken  with  precision 
thermocouples  using  oscillographic  memory. 


Time,  s 


Fig.  1.  Oscillograms  for  cold-side  temperature  variations  with 
pulsed  treatment  (1)  and  entry  to  steady-state  operation  (2) 


Fig.  2.  Cold-side  temperature  difference  /  current 
relationships  with  different  power-pulse  lengths. 


Comparison  of  oscillographs  illustrated  in  Fig.l  indicates  a 
greater  lowering  of  temperature  with  pulsed-  mode  cooling  than 
with  an  ordinary  entry  to  steady-  state  operation  during  the  same 
time.  The  time  constant  can  be  derived  from  the  term 
AT=  0.632A7;,  ,  running  to  1 . 1  sec  for  a  thermocouple  of  h  = 
2  mm. 


Fig.  3.  Dependencies  of  cold-side  maximum  temperature 
difference  and  optimal  current  on  power  pulse  lengths. 

Fig.  2  shows  cold-side  temperature  difference  /  current 
relationships  for  different  power  pulse  duration.  With  decreased 
pulse  duration,  the  curve  maximum  is  shifted  toward  greater 
currents,  the  curves  becoming  more  linear. 

Fig.  3  gives  the  dependencies  of  maximum  temperature 
differences  on  cold  side  and  optimal  current  on  powerpulse 
duration,  and  Figs  4,  5  -  on  thermocouple  heights  and  hotside 
temperatures. 


0  1  2  3  4  5 


h,  mm 


Fig.  4.  Cold-side  maximum  temperature  difference  / 
thermocouple  height  relationships  with  different  power-pulse 
lengths. 
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Fig.  5.  Cold-side  maximum  temperature  difference  /  hot-side 
temperature  relationships  with  different  power-pulse  lengths. 

In  plotting  design  graphs,  the  presence  of  outside  heat 
accumulation  Q,  was  accounted  for  by  replacing  A  with 
A7.J  =  -QojK ,  with  r„  found  experimentally.  As  can 

be  expected,  the  best  agreement  of  the  results  was  observed  with 
the  time  Tp  <  0.5r„ ,  that  is,  significantly  shorter  than  required  to 
attain  the  steady  state.  Lowering  the  thermocouple  height  results 
in  decreased  inertia,  increasing  the  optimal  current.  With  short 
pulse  duration,  hot-side  temperature  has  little  or  no  effect  on 
temperature  variations  on  the  cold  side. 


short  time  periods  with  unit-  and  pulsed  operation.  The  suggested 
design  model  fits  the  experimental  data  well  and  is  useable  for  a 
variety  of  fast-acting  thermoelectric  cooling  devices,  including 
multistage. 
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Frequency  operating  mode 

On  the  procedure  discussed  above,  we  designed  a  fast-  acting 
thermoelectric  cooler  to  process  the  optical  information  recorded 
on  thermosensitive  material  [6,7],  Data  erasure  was  to  be 
performed  with  cooling  pulses  of  the  length  tp  =  0,08  ...  0.5  sec 
and  operating  frequency  from  1  to  1 0  Hz. 

Frequency  operation  differs  essentially  from  the  unit  operating 
mode,  as  the  heat  released  in  1  sec  in  the  former  case 

(/  -  number  of  pulses  per  sec)  has  no  time  to  disperse  in  the 
intervals  between  pulses,  causing  pronounced  overheating  in  the 
heat  sink  and  thus  affecting  operation  at  large.  To  avoid  this, 
requires  appropriate  selection  of  cooling  pulse  parameters.  We 
make  use  of  the  formulae  (5)  and  (10)  to  this  end,  obtaining  the 
expressions  for  optimal  current  //  and  maximum  temperature 
difference  A  7/  in  the  frequency  mode 


( 


f  V7, 


(11) 

(12) 


With  frequency  of  10  Hz  we  gained  a  stable  erasure  quality 
approaching  100%  (A7/  =  12^15‘’C,  see  Fig.3),  previously  only 
possible  with  unit  pulses  of  the  lengths  Xp  ~  1  sec. 


Conclusions 

Findings  from  the  investigations  permit  —  within  the  accuracy 
of  engineering  practice-  analytical  treatment  of  thermocouple 
characteristics  required  for  effective  lowering  of  temperature  in 
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This  paper  describes  the  problem  solution  of  thermoelectric  module 
characteristics  optimization.  Both  the  analogy  and  differences  between 
hydraulic  and  thermal  pumps  have  been  considered.  The  results  of 
computer  modeling  and  stand  test  are  given  and  differences  discussed. 


Introduction 

The  projection  methodology  of  thermoelectric 
thermostabilizing  and  cooling  systems  was  oriented  to  the 
production  of  extremely  low  temperatures  in  minimum  time  as 
a  rule.  Thus  the  thermoelectric  modules  were  supposed  to  work 
in  the  mode  of  maximum  cooling  productivity.  At  low  device 
power  and  corresponding  thermal  loads  this  situation  was  quite 
justified  and  didn't  give  any  problems  to  the  users  working  with 
such  types  of  devices.  An  engineer  as  a  rule  oriented  himself 
with  respect  to  the  necessary  stabilization  temperature  and 
possible  thermal  loads.  But  as  soon  as  we  come  to  more 
powerful  devices  the  user  is  not  satisfied  any  longer  with  the 
effect  itself  of  this  or  that  stabilization  temperature  attainment, 
he  is  anxious  of  the  fact  if  the  devices  is  enough  efficient  as  a 
thermal  machine.  In  other  words  the  question  on  the  relation 
between  supplied  power  to  the  device  and  the  amount  of  heat 
which  this  device  gives  off  per  tiine  unit  is  of  great  interest. 
The  efficiency  reserves  of  similar  devices  particularly  air 
chillers  were  associated  with  thermoelectric  efficiency  increase 
of  the  used  active  materials.  It  is  certain  to  be  an  important 
factor  but  our  experience  of  design,  investigation  and 
maintenance  of  comparatively  powerful  cooling  systems  shows 
that  their  energy  efficiency  can  be  increased  both  at  the 
expense  of  target  -  oriented  changes  of  thermoelectric  module 
construction  and  during  introduction  of  corresponding 
correlations  into  the  principles  of  the  whole  device  design. 

Hydraulic  and  thermal  pumps 

The  errors  in  the  design  usually  occur  at  the  formation 
stage  of  technical  maintenance  conditions  and  requirements  to 


thermoelectric  chillers.  These  errors  can  occur  with  the 
customer  by  virtue  of  operation  specificity  misunderstanding  of 
thermoelectric  thermal  pumps.  Errors  occur  with  the  designer 
of  similar  devices  too  if  the  construction  optimization  is  not 
performed  and  optimal  maintenance  mode  of  proper  selected 
electric  modules  is  not  provided.  In  this  coimection  the  analogy 
between  hydraulic  and  thermal  pumps  seems  to  be  rather 
attractive  and  useful.  The  sequential  use  of  this  analogy 
permitted  the  customer  of  the  device  to  formulate  clearly  that 
they  require  from  the  future  device.  On  the  other  side  the 
designers  in  the  limits  of  clearly  formulated  task  can  perform 
the  process  of  the  whole  construction  optimization  and  its 
separate  parts. 

The  diagrams  illustrating  the  mentioned  system  are 
given  in  fig  1  and  2.  It  is  obvious  that  as  a  hydraulic  pump 
(figl)  transfers  liquid  as  a  thermal  pump  (fig2)  transfers  energy 
from  a  reservoir  with  a  lower  level  into  a  reservoir  with  a 
higher  one. 

In  the  first  case  an  usual  mark  corresponds  to  the  level 
by  height  and  in  the  second  -  by  temperature.  The  first 
conclusion  is  obvious  both  for  the  customer  and  designer.  To 
decrease  artificially  minimally  the  necessary  low  temperature 
level  is  quite  senseless  and  there  is  no  doubt  that  it  is  injurious 
to  the  effective  work  of  the  device.  The  device  designed  for 
lower  temperature  achievement  "in  store"  might  not  work 
effectively  under  softer  conditions.  Artificially  increased 
differences  favour  additional  liquid  leakages  or  unwanted 
thermal  flows  from  the  hot  seal  to  the  cold  one.  Thus,  heat  as 
water  has  to  be  increased  from  the  level  which  is  optimal  from 
the  point  of  view  of  the  final  effect  of  device  work  in  whole. 
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1.  Input  reservoir. 

2.  Output  reservoir. 

3.  Pump. 

4.  Leakage  path. 

Ai  Required  from  pump  height  difference. 

A2  Height  difference,  at  which  pump  is  really  operate. 

A}  Level  drop  at  input 
A4  Level  drop  at  output 

Fig  1  Hydraulic  pump 

If  we  speak  abaut  air  chillers  this  level  corresponds 
either  to  the  comfortable  temperature  level  in  the  given  room  or 
vehicle  or  corresponds  to  the  necessary  technological 
temperature  in  fridges  or  industrial  equipment.  As  for  the 
upper  level  we  mean  the  ambient  temperature  which  is  usually 
given  to  the  customer  in  the  form  of  some  range  where  the 
designer  has  to  orient  to  the  upper  boundary. 

To  continue  the  analogy  we  should  pay  attention  to 
some  possible  differences  between  two  pump  types  as  well  as  to 
the  difference  under  conditions  of  their  work  connected  with 
physical  peculiarities  of  the  transfer  object.  The  matter  is  in  the 
following;  "thermal  liquid"  is  differed  by  increased  viscosity 
that  results  in  large  unwanted  differences  during  the  device 
operation  process.  These  unwanted  differences  correspond  to 
A3  and  A4  values  (fig2).  Being  utmost  low  for  lowviscous 
liquids  of  water  type  they  can  be  increased  in  case  of  more 
viscous  types  as  glycerine  one.  Thus  if  in  the  general  case: 

A2  =  Ai  +  A3  +  A4 

and  for  lowviscous  liquids  A3  w  0,  A4  «  0,  Ai  «  A2,  then  we 
can't  ignore  the  values  which  are  equivalent  A3  and  A4 
respectively  for  thermal  pumps.  In  other  words  by  virtue  of 
"thermal"  liquid  specificity  unwanted  differences  A3  and  A4 
can  turn  out  to  be  comparable  and  even  higher  the  necessary 
difference  Ai. 


1.  Cooling  object. 

2.  Thermoelectric  heat  pump. 

3.  Ambient. 

4.  Cold  side  heat  exchanger. 

.5.  Hot  side  heat  exchanger. 

A  ]  Required  from  chiller  temperature  difference. 
A2Temperature  difference,  at  which  chiller  is  really  operate. 

As  Temperature  drop  at  input 
A4  Temperature  drop  at  output 

Fig  2  Heat  pump 

Thus  in  designing  of  thermoelectric  air  chillers  thermoelectric 
modules  should  be  oriented  to  work  under  conditions  when 
value  A2  will  be  substantially  higher  than  Ai.  By  the  way  our 
tests  of  chiller  with  rated  power  of  600  W  on  the  stand  by 
volume  1  m3  ( heat  leakage  about  19  W/K )  gave  the  following 
results: 

Ai  =  11.4K 
A2  =  32.5K 
A3=  6.4  K 
A4  =  14.7  K 

Thus  to  cool  air  volume  in  a  camera  partially  isolated 
from  the  enviromnent  per  10  K  it  is  necessary  to  use  modules 
working  effectively  during  differences  of  about  30  K.  There  is 
no  doubt  that  values  A3  and  A4  are  variable  values  and  depend 
on  the  construction  and  maintenance  conditions  of  the  whole 
device  but  by  virtue  of  their  importance  it  is  necessary  to  define 
them  at  the  design  stage  either  by  the  simulation  method  or  by 
natural  testings  of  real  device  layout.  It  is  obvious  that  by  their 
physical  citu  A3  and  A4  characterize  the  thermoexchange 
efficiency  relatively  on  radiators  as  well  as  cold  and  hot  seals  of 
thermoelements.  There  is  no  doubt  that  all  designers  wish  to 
decrease  these  values  but  the  experience  shows  that  using 
standard  cooling  methods  of  these  radiators  -  air  or  liquid  it  is 
very  difficult  to  reduce  sum  A3  +  A4  less  than  20  K  In  this 
connection  it  is  advisable  to  optimize  thermoelectric  module 
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construction  to  it  work  in  air  chillers  under  conditions  by  A2 
close  to  the  mentioned  value.  Modules  of  Melcor's  set  and 
similar  ones  are  known  to  be  oriented  to  substantially  larger 
temperature  differences.  This  fact  is  considered  to  be  very 
important. 


Theory  and  experiment 

The  cooling  productivity  of  semielement  in 
thermoelectric  module  can  be  approximately  described  as: 

Q^=ccIT,-k^(T,-T;)-\j^R  (1) 

Here  are: 

Qc  Cooling  power 

a  Seebec  coefficient 

I  Rated  current 

R  Semielement  resistant 

K  Thermal  conductivity  of  the  semielement 

Th  Temperature  of  hot  seal 

Tc  Temperature  of  cold  seal 

aT  Temperature  difference  across  thermocouple 

AT  =  Th  -  T, 

S  Cross-sectional  area  of  semielement 

L  Length  of  the  semielement 


Let's  consider  the  function: 

F  =  k-KT~-PR  (2) 

This  function  by  its  meaning  describes  cool  productivity  losses 
due  to  thermal  conduction  of  semielement  (the  first  addent) 
and  Joule  effect  (the  second  addent).  Taking  into  account  that 
semielement  resistance: 

R  =  (3) 


where  p  -  resistivity  of  semielement  material,  we'll  have  . 

PpL 


F  =  k-KT- 
L 


2S 


(4) 


It  is  obvious  that  at  the  increase  of  semielement  height  the  first 
addent  decrease  while  the  second  increases.  Thus  fhe  optimal 
value  1  corresponds  to  the  function  minimum  F,  For  this 
purpose  let’s  take  the  functional  derivative  (4): 

F'  = - ^  +  ^  (5) 


kSAT  Pp 

— r-  +  — ^ 

P  2S 


At  the  extremum  point  functional  derivative  equals  to  zero  and 
we  Obtain: 


kSAT  _  Pp 

P 


(6) 


Let's  define  at  what  value  aT  the  minimum  loses  are  observed. 
Thus  we'll  find  aT  from  expression  (6): 


AP 


PPp 

2kS^ 


(7) 


If  typical  physical  characteristics  of  thermoelectric  matprialc 
and  recommended  working  currents  are  substituted  to 
expression  (7)  calculated  values  will  turn  out  to  be  more  than 
30oK,  which  corresponds  to  real  conditions  of  module  work.  If 
temperature  difference  on  the  module  is  less,  then  the  main 
contribution  into  losses  are  brought  at  the  expense  of  Joule 
effect,  but  if  the  difference  is  large  then  the  losses  prevail  at  the 
expense  of  heat  conduction.  This  follows  from  the  expression 
structme  (2). 

So,  thermoelectric  modules  in  air  chillers  are  used  at 
decreased  temperature  differences  and  to  increase  their 
efficiency  we  can  follow  by  three  ways: 

1.  Decrease  of  working  currents 

2.  Decrease  of  semielements  height 

3.  Increase  of  semielement  cross-section 

The  first  way  is  evident  but  it  should  be  taken  into 
account  that  it  decreases  integral  cool  productivity  of  a  separate 
module  and  this  results  in  the  increase  of  the  general  number 
of  modules  what  is  not  always  economically  justified.  The 
problem  solution  of  loss  minimization  by  the  second  way  was 
suggested  in  work  [1],  but  their  considerations  too 
optimistically  estimated  the  possibilities  of  heat  removal  from 
hot  and  cool  seals  of  the  modules  and  as  a  result  they  came  to 
the  conclusion  that  module  constructions  should  be  optimized 
for  work  under  conditions  of  AT  =  10  -  15  K.  Such  modules  as 
seen  from  the  mentioned  above  analogy  are  not  able  to  cool  air 
inside  the  closed  volume  per  10  K  in  comparison  with 
environment.  Besides  too  low  dependence  modules  at  typical 
sections,  module  branches  will  require  the  optimal  branch 
height  of  0.8  mm.  The  technological  problems  need  no 
commentaries  which  will  accompany  the  creation  of  such 
modules. 

In  this  coimection  we  decided  to  perform  optimization 
of  thermoelectric  modules  by  increasing  the  cross-section  of 
semielement.  For  this  purpose  theoretical  calculations  of  the 
cooling  coefficient  for  different  modules  types  and 
experimental  investigations  of  module  (CP  type  on  fhe  stand) 
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have  been  done.  Cooling  productivity  and  cooling  coefficient 
for  fixed  parameters  were  calculated  using  the  special  program 
The  program  fills  in  the  table  in  which  the  meaning  of  cooling 
coefficient  corresponded  to  each  combination  (rated  current  - 
side  of  squared  semielement  section).  The  obtained  table  can  be 
used  for  the  choice  of  optimal  current  in  the  maximum 
coefficient  mode  of  cooling  productivity  Cooling  power  were 
calculated  using  equation  (1).  Cooling  performance  were 
calculated  as  following: 


a 


£  =  ^ -  (8) 

/-7?  +  a/AT 

Where  Qc  -  cooling  power 

I  -  rated  current 

R  -  module  resistant 

a  -  Seebec  coefficient 

at  -  Temperature  difference  across  the  module 
Fig.  3  illustrates  schematically  a  measurement  method 
we  used  at  stand  tests. 


1  -  Water  cooled  heat  exchanger 

2  -  Heat  insulator 

3  -  Hot  side  temperature  sensor  terminals 

4  -  Cold  side  temperature  sensor  terminals 

5  -  Hot  side  temperature  sensor 

6  -  Modules 

7  -  Modules  supply  terminals 

8  -  Heat  resistor  terminals 

Fig  3  Measurement  system 

We  used  2  modules  with  cold  seals  opposite  each  other  to 
decrease  thermal  leakages  from  ambient.  Film  sensors  on  the 
basis  of  Ni  foil  were  used  to  measure  the  temperature.  We 
placed  a  heating  element  consisting  of  two  film  resistors  made 
on  tlte  ceramic  substrate  by  Cr  vacuum  deposition.  This 
construction  provides  uniform  heating  of  cold  thermoelement 
seals.  The  analog  of  Melcor’s  CP-1.4-127-045L  was  used  for 
stand  tests  and  simulation. 

Comparisons  of  theoretical  and  experimental  results  are 
given  in  table  1 .  Experimental  values  of  optimal  current  in  the 


mode  of  maximum  efficiency  are  seen  to  be  systematically 
lower  of  the  suggested  theories.  For  aT=2()  K  discrepancy 
reaches  17%,  for  AT=4()  K  discrepancy  is  less  than  9%.  Thus 
calculations  using  relation  1  can  be  considered  to  be 
approximate  by  virtue  of  the  fact  that  this  relation  doesn't  take 
into  account  temperature  dependence  of  thermoelectric 
properties  of  the  material.  It's  also  important  that  a,  k,  p  were 
measured  at  average  temperature  about  20  “C,  but  modules  were 
tested  at  average  temperature  across  the  semielcment  2.5  “C  - 
3.5"C. 


aT.“C 

T^«xp  „c 

Ta’”',  "C 

< 

C- 

o 

t-o 

20 

+2.5 

20 

<1.8 

2.1 

107% 

>114% 

30 

+3.5 

20 

3.4 

3.1 

55% 

56% 

40 

0 

20 

4.5 

4.1 

29% 

26% 

aT  Temperature  difference  across  the  module 

7’/*''  Average  temperature  across  the  module 

Tf'  Average  temperature  across  the  module,  assumed  in 


program 

If’’’  Optimal  current,  obtained  by  experiment 

If’  Optimal  current,  obtained  by  program 

ef'  Cooling  performance,  program  results 

ef”’’  Cooling  performance,  experimental  results 

Table  1  Comparison  program  apd  experimental  result 

On  the  other  hand  as  follows  from  table  1  the  estimations  of 
cooling  coefficient  correlate  with  the  experiment  results. 

Summary 

The  optimization  ways  of  thermoelectric  module  and  air 
chillers  construction  have  been  considered  on  the  basis  of  the 
analog  between  hydraulic  and  heat  pumps.  Thermoelectric 
modules,  commercially  available  for  a  present  time,  are  to  work 
with  low  efficiency  at  AT  about  30  K  because  they  are  oriented 
to  work  at  relatively  high  temperature  difference,  more  than 
required  in  typically  air  chillers  Experimental  investigations 
confirmed  theoretical  researches  and  orient  the  designers  of 
thermoelectric  modules  to  module  production  with  larger 
section  at  the  fixed  semielement  height. 
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NEW  APPROACH  TO  THERMOELECTRIC 
AIR-COOLED  SUBUNIT  CONFIGURATION 

A.B.  Sulin 

Research  Institute  of  Industrial  and  Marine  Medicine, 

St. Petersburg,  196143,  Russia 

This  report  presents  the  results  of  the  reseach  TE  heat  pump,  based 
on  two-phase  thermosiphone  principle  for  its  air  heat  exchangers. 
The  space-saving  configuration  was  reached  by  means  of  heat  flows 
directions  change  in  the  unit . 


Introduction 

The  variety  of  thermoelectric  device  structural  schemes  is 
determined  by  mutual  arrangement  of  thermoelements 
(modules)  and  heat  exchangers.  Customary  the  direction 
of  heat  flow  is  normal  to  the  modules  surfaces. 

Let  us  consider  the  the  main  schemes  [1 ,2]. 

Fig.  1  Scheme  with  large  heat  exchangers 
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Fig.  2  Scheme  with  one  heat  exchanger  per  module 
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Fig.  3  Scheme  with  individual  heat  exchangers 
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Fig.  4  Scheme  with  one  heat  exchanger  per  two  modules 
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Alternative  scheme 

Alteration  of  heat  flows  directions  for  the  parallel  ones  to 
the  modules  surfaces,  enables  to  increase  the  spase-saving 
configuration  of  the  unit,  in  case  the  heat  exchangers  will  be 
effective  enough. 

Fig.  5  Alternative  scheme 
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However,  the  low  coefficient  of  heat  transfer  of  all-metal 
heat  exchangers,  assembled  according  to  fig.  5,  does  not 
make  it  possible  to  achieve  high  indices  over  the  results  of 
our  investigations.  We  achieved  the  significant  decrease  of 
heat  exchangers  thermal  resistance  by  employment  of  two- 
phase  thermosyphon  principle.  (Here  we  will  make  reference 
to  the  employment  of  thermosiphons  in  thermoelectric  gene¬ 
rators  [3].) 


Fig.  6.  Thermosiphon-type  TE  unit  configuration 
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In  fig.  6  there  has  been  shown  the  TE  unit  arrangement  with 
employment  of  individual  heat  exchangers  as  thermosy¬ 
phons,  developped  by  us. 

Further  we  will  adduce  the  main  results  of  these 
heat  exchangers  testing  in  cooling  and  heating  modes. 

The  experimental  study  of  heat  exchangers 

Heating  mode 

The  plane  thermosiphon  with  heat  exchange  surfaces  di¬ 
mensions  100  *  70  mm  was  studied  .  The  heat  exchange  area 
was  increased  in  5  times  by  fining.  Blowing  rate  was 
changed  from  6  to  12  m^/h,  heat  load  -  from  20  to  45  W. 

In  fig.  7  there  are  quoted  temperature  fields  of  heat  exchan¬ 
ger. 

Fig.  7  Temperature  fields 
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In  fig.  8  there  are  shown  the  heat  exchanger’s  thermal  resis¬ 
tance  values. 

Fig.  8  Thermal  resistance 
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Cooling  mode 

There  was  studied  the  plane  thermosyphon  with  heat 
exchange  surfaces  dimentions  70  •  70  mm  by  blowing  rate 
from  4,2  to  8  m^/h.  Cooling  was  carried  out  by  Melcor-type 
TE  module,  on  the  warm  side  of  wich  dissipation  of  heat 
was  provided,  corresponding  to  the  work  of  the  thermosi¬ 
phon  in  heating  mode. 

Here  we  adduce  results  of  module’s  cooling  power 
and  coefficient  of  perfomance  measurements. 

Fig.  9  Cooling  mode’s  perfomance 
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Here  we  adduce  characteristics  of  air-air  TE  heat  pump  of 
1 2  modules,  assambled  with  employment  of  individual  heat 
exchangers-thermosiphons  in  conformity  with  worked  up 
scheme. 


Cooling  power,  W 

200 

Electrical  power,  W 

180 

Blowing  rate,  m^/h  : 

cold  side 

70 

warm  side 

100 

Overal  dimesions,  mm 

210 

Weight,  kg 

2,5 

References 

[1].  J.G.Stockholm,  Future  prospects  in  thermoelectric 
cooling  systems,  12th  International  Conference  on  Thermo¬ 
electrics,  Yokohama,  1993,  pp.389-394. 


[2].  J.G.  Stockholm  and  P.M.  Schicklin,  Industrial  thermo¬ 
electric  cooling  and  electricity  generation  between  200K  and 
500K,lst  European  Conference  on  Thermoelectrics,  Cardiff, 
1987,  pp.  235-262. 


[3].  R.  Sawano  and  I.  Higashi,  An  experimental  evaluation 
of  the  thermoelectric  generator  with  thermosiphon,  12  th 
International  Conference  on  Thermoclectrics,  Yokohama, 
1993,  pp.  471-472. 


455 


THERMOELECTRIC  FIN 


I.V. Zorin 

A.F.loffe  Physical-Technical  Institute,  194021,  St. Petersburg,  Russia 

The  paper  considers  the  processes  in  a  thermoelement  with  branches 
as  cross-directed  wedges,  which  are  combined  on  the  long  side  and 
have  junctions  of  the  opposite  sign  on  the  short  sides.  The 
thermoelement  works  as  a  fm  transmitting  the  heat  between  the  long 
lateral  and  short  but  sides. 


Using  very  sensitive  elements,  it  is 
necessary  to  effectively  reject  its  internal  heat 
liberations.  If  an  element  is  not  thick,  for 
example,  made  as  a  thin  film,  the  most  effective 
heat  rejection  will  be  in  perpendicular  direction 
to  its  thick  side. 

In  many  cases  so  cooling  element  must  be 
placed  in  a  narrow  clearance  between  the  walls 
of  an  instrument  or  between  lateral  sides  of 
analogous  elements  and  using  of  circulating 
heat-carrier  for  cooling  is  not  desirable. 

In  these  cases  the  lateral  side  with  of  the 
cooling  element  (Fig.  1)  combines  with  lateral 
side  of  fm  with  good  heat  contact.  Owing  to 
high  thermo-conductivity  of  the  material  of  fin, 
the  heat  transfers  from  its  lateral  side  to  the 
bases.  The  bases  of  fm  combined  to  external 
system  of  heat  rejection  which  is  located  aside  of 
the  edges  of  cooling  element. 

However  because  of  spreading  of  the  heat 
along  thus  a  fin,  the  temperature  difference 
along  Its  length  occures  that  causes  increasing  of 


Cooling  element  Cooling  element 


the  temperature  of  parts  of  cooling  element 
accordingly  to  their  distance  from  the  base  of 
fin. 

If  the  internal  heat  liberation  of  the 
element  changes  from  the  maximum  till  zero, 
the  temperature  of  its  forest  parts  will  change  by 
the  same  value  and  the  temperature  of  extreme 
parts  of  the  element  could  be  almost  constant  if 
precise  thermostating  of  fin  base  is  available. 

As  a  result  the  possible  accuracy  of  the 
element  thermostating  is  limited  by  temperature 
liberation  along  the  length  of  the  fm.  To  reduce 
temperature  liberation  by  thicking  of  fin  could 
be  impossible  because  of  undesirability  of 
increasing  the  sizes  in  that  direction. 

To  eliminate  that  defect  of  the  heat 
rejection  could  be  made  by  Peltier  effect  using 
instead  of  fm  a  thermoelement  of  special 
construction  with  one  junction  directed  along 
the  lateral  side  {Fig.2).  In  this  thermoelement 
the  branches  1  and  2  of  the  opposite  sign  made 
as  cross-directed  wedges,  wliich  are  combined 
on  the  long  lateral  side  and  have  junctions  of  the 
opposite  sign  on  the  short  sides.  The  last  ones 
combined  to  external  system  of  heat  rejection 
and  electroisolated  from  it  if  necessary. 

Going  through  the  branches  the  current 
gradually  passes  from  one  branch  to  another 
and  causes  an  even  absorption  or  liberation  of 
Peltier  heat  in  the  long-side  junction  and  income 
(or  outcome)  of  this  one  from  vacant  lateral  side 
of  branches.  Thus  the  thermo-element  works  as 
a  fm  transmitting  the  heat  between  the  long 
lateral  and  short  butt  sides. 

The  construction  of  the  thermoelement 
with  one  junction  on  the  lateral  sides  of 
branches,  two  another  junctions  on  the  butt 
sides  of  branches  and  uniform  motion  of  current 
from  one  branch  to  another  is  suggested  in  [  1  ] . 

Let  us  consider  the  processes  which  take 
place  in  thermoelectric  fm. 
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If  the  branches  1  and  2  (Fig.l)  in 
thermoelectric  fm  are  made  of  materials  with 

differing  electro-conductivities  o ,  and  a  j  , 
then  to  provide  the  uniform  motion  of  current 
through  the  junction  of  these  branches,  it 
would  be  necesary  that  its  cross-sections  ratio 

and  F2  in  any  place  of  the  current  way 
would  be  inversaly  proportional  to  their 
electro-conductivities. 

If  the  branches  have  the  same  width  and 

variable  on  the  length  thicknesses  5 ,  and  5  j , 
taking  into  consideration  that  F  ^  8  *b  ,  the 
ratio 

Fl  §2 

realises.  Thus  the  branches  should  be  made  as 
wedges  with  maximal  thicknesses  5  and  5 
at  their  base. 

To  prevent  the  shorting  of  longitudinal  and 
cross-junctions,  it  has  to  be  there  a  small  layer 
of  branch  material  between  them.  As  the 
changing  of  these  sizes  is  insignificant,  we  will 
consider  hence  the  total  length  of 
thermoelement  in  current  direction  to  be  equal 
to  maximal  length  h  of  branch  in  this  direction. 

As  it  is  desirable  to  have  a  minimal 
temperature  difference  in  cooling  element  by 
changing  of  its  internal  heat  liberation,  let  us 
take  the  temperature  difference  between 
junctions  of  the  thermoelectrical  fm  to  be  equal 
to  zero. 

For  having  the  minimal  instrument 
thickness,  the  thickness  of  branches  is  taken 
significant  less  than  its  length  h.  Then  the 
influence  of  the  heat  transfer  to  short  junction 
of  branches  onto  the  total  heat  balance  could 
be  neglected  accurately  enough. 

Then  the  cold-productivity  of 
thermoelectric  fm_will  be: 

Q,  =  aIT-rR^  (2) 

where  ^  ■  total  coefficient  of  thermo¬ 
electromotive  force  of  both  branches, 

/  -  current  intensity, 

T  -  the  temperature  of  thermoabsorbing 
junction, 

-  total  resistance  of  thermoelectric  fm. 

From  the  case  ^  ^0  =  q  >  rrent 
dl 

creating  maximal  cold-roductivity: 


/ 


Q  Om 


a  I 

Jr; 


(3) 


Maximal  cold-productivity  of 
thermoelectric  fm  after  using  equation  (3)  in 
(2)  will  be; 


(4)  Thus,  both  maximal  cold- 

productivity  as  the  current  creating  it  in 
thermoelectric  fm  are  two  times  less  than 
ones  in  ordinary  thermoelements.  Because 
the  summary  of  elementar  parts 
conductivities  in  any  place  of  branch  lenght 
must  be  constant,  the  total  resistance  of  both 
branches  can  be  expressed  with  the 
conductivity  of  one  branch; 


R. 


h 


(5) 


Maximal  specific  cold-productivity 
concerned  to  unit  of  lateral  square  of  branch  1 
of  thermoelectric  fm  from  equation  (4)  and 
using  (5)  is; 


O'- 

hb  AF 


(6) 


Maximal  density  of  Joule  heat  liberation 
caused  by  going  the  current  in  the  branches, 
using  equations  (3)  and  (5)  is; 


_  F-i  __  o.  /y-. 

hb  Ah^ 

As  shown  in  (7),  it  is  numerically  equal  to 
the  maximal  specific  cold-productivity. 

The  flow  of  heat  from  cooling  element 

with  density  q^j  ,  which  is  going  across  the 
branch  1  to  heat-absorbing  junction,  causes  to 
the  temperature  difference  in  this  branch  wliich 
is  as  high  as  the  branch  thick.  Exceptional  part 
is  that  nearest  to  short  heat-absorbing  junction, 
where  the  temperature  is  falling  back  because 
of  an  additional  heat  reiection  to  that  junction 
direction.  That  additional  cross-directed  heat 
rejection  influence  to  heat  transfer  could  be 
estimated  analogously  with  the  influence  of  fm 
butt  which,  as  known,  can  be  taken  into 
consideration  by  adding  the  calculated  length 
of  one-side-working  fm  with  its  thickness.  Then 
in  the  case  of  h  »  b,  maximal  precise  value  of 
temperature  difference  across  the  branch  w'll 
be  insignificant  less  that  one  determined 
without  that  influence. 
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In  connection  with  this  it  could  be  accurately 
enough  taken  a  maximal  temperature 
difference  on  the  maximal  thickness  of  the 
branch  ; 


a/, 


hn 


% 


’\m 


(8) 


where  k  ,  -  specific  heat-conductivity  of 

the  material  of  branch  1 . 

Because  =  q„  ,  then 


Let  us  compare  the  maximal  temperature 
difference  in  ordinary  fin  having  the  same  heat 
rejection  in  two  directions  (Fig.  1),  the  same 
length  and  thickness  equal  to  medium  thickness 
of  thermoelectric  fin  which  is  with  using 
equation  (1)  is; 


-  ^  l™ 


2  / 


(10) 


Because  of  insignificannce  of  temperature 
difference  along  the  fin  thickness  relating  that 
along  length,  the  heat  transfer  of  uniform  heat 
liberation  to  its  bases  can  be  considered  as  one¬ 
dimensional  process  which  is  analogous  to  the 
well-known  case  of  heat-conductivityin  the  wall 
with  uniform  internal  heat  liberations  and  heat 
rejection  to  both  of  its  sides  of  wall  [2] .  Then 

rejecting  the  heat  liberations  with  density  by 
fin  with  using  its  heat-conductivity,  the 
temperature  difference  between  the  middle  of 
the  fin  and  its  bases,  using  (10),  will  be 
expressed: 


4k//,  2k/|,„(1 +01/02) 


where  -  specific  heat  conduetivity  of  fin 
material.  The  ratio  of  temperature  differences 
in  ordionary  and  thermoeleetric  fins  is: 


aL, 


p  \^\mj 


3(1+0,/o2) 


(12) 


As  shown  in  (12),  the  less  the  fin  thickness 
under  the  given  height,  the  better  advantage  in 
temperature  differences  when  applying  a 
thermoelectrical  fin. 


As  minimal  temperature  difference  and 
maximal  density  of  heat  rejection  in  ordinary 
fin  is  achieved  at  maximal  specific  heat 
conductivity,  the  most  preferable  material  for  it 
is  copper. 

The  advantage  in  reducing  the 
temperature  difference  for  thermoelectric  fin, 

as  follows  from  equation  ( 1 2),  as  much  as  k  ,  ,is 
higher  and  closer  to  k  .  In  the  same  time,  as 
follows  from  equation  (9),  as  k  ,  higher,  as  the 

cold-productivity  the  bigger  under  the  same 
could  be  developed  by  thermoelectric  fin.  In 
connection  with  this,  the  most  preferable 
material  for  branch  1  is  copper  too. 

As  follows  from  equation  (6),  the  cold- 
produetivity  of  thermoeleetric  fin  the  bigger,  as 

a  I  the  bigger,  but  copper,  in  spite  of  its  high 

electro-conductivity,  has  a  low  coefficient  of 
thermo-electro-motive  force.  That  is  why  to 

obtain  large  q/  when  making  the  second 
branch  it  is  necessary  to  choose  a  material  with 
high  coefficient  of  thermo-electro-motive  force. 
However,  materials  with  high  coefficient  of 
thermo-electro- motive  force  have  the  electro¬ 
conductivity  the  significant  less  than  that  one 
copper  has. 

As  shown  in  equation  (12),  that  is  educing 
the  ratiooi/oj  and  causes  reducing  of 
advantage  in  temperature  difference  for 
thermoelectric  fin. 

Because  of  that  reason,  it  would  be  most 
preferable  to  use  as  material  for  second  branch 
the  metal  alloys  which  permitting  to  receive  ^ 
big  enough  with  minimal  differences  in  a , 
and  a 2  • 

When  comparing  ordinary  fin  made  of 
copper  and  thermoelectric  fin  having  one 
branch  (  closest  to  the  cooling  object )  made  of 
copper  too  and  the  second  branch  made  of 

cobalt  with  a, /a 2  ~5,for  h  /5|„,  =  150 
the  thermoelectric  fin  will  have  the  advantage 
in  temperature  difference  =  1250. 
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Thus  concerning  to  ordinary  fin, 
thermoelectric  fin  provides  a  several  orders 
decreasing  of  temperature  difference  between 
the  middle  and  the  edges  of  combined  to  the 
lateral  side  of  fin  of  an  elemend  with  uniform 
internal  heat  liberation  and  also  provides 
increasing  of  the  possible  accuracy  of 
thermostating  of  this  element  under  the 
changing  of  its  heat  liberation  from  maximum 
to  zero. 
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Preliminary  thermoelectric  cooling  of  cryogenic  flux  in  microcryogenic  vessel 

systems 
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^  Microcryogenmach,  Omsk,  Russia. 

Preliminary  thermoelectric  cooling  of  a  cryogen  gas  flux  in  a  Joule-Thompson  microcryogenic  vessel  systems  was  used.  Two- 
cascade  thermoelectric  coolers  have  been  developed  for  decrease  of  the  coolant  temperature  approximately  by  60  K.  This  has 
been  ensured  to  increase  a  continuous  operating  time  of  the  systems  by  60-80%  for  the  systems  with  the  different  heat  pumping 
capacity. 


Introduction 

At  present,  cooling  and  thermostatt,ing  of  the  objects  at  the 
temperature  level  approximately  80  K  is  carried  out  by  means 
of  the  vessel  Joule-Thompson  effect  microcryogenic  systems 
(VMS  J-T).  However,  an  open-VMS  J-T  has  the  limited  oper¬ 
ating  time  and  the  considerable  mass  [1]. 

The  thermoelectric  coolers  (TC)  are  characterized  of  the 
substantially  smaller  dimensions  and  mass  and  the  consider¬ 
ably,  larger  time  of  the  continuous  operation  with  respect  to 
the  VMS  J-T.  However,  the  achievement  of  the  cooling  levels 
up  to  80  K  by  means  of  (TC)  is  the  difficult  problem. 

That  is  why  the  development  of  the  microcryogenic  tech¬ 
niques  for  such  cooling  levels  was  determined  by  the  modern¬ 
ization  of  the  VMS  J-T,  increaise  of  the  working  pressure  of  the 
filling  and  by  the  application  of  the  mixed  coolants  [1,2].  How¬ 
ever,  the  level  of  the  perfection  of  the  conventionally  executed 
VMS  J-T  corresponds  to  the  technical  limit,  and  non-standard 
approaches  are  required  for  the  further  improvement  of  their 
characteristics. 

The  influence  of  preliminary  thermoelectric  precoolihg  upon 
the  continuous  operating  time  of  the  VMS  J-T  was  considered 
in  this  work. 

The  calculation  of  the  influence  of  coolant 
precooling  upon  the  characteristics  of  the  self¬ 
regulating  VMS  J-T 

An  analysis  of  the  temperature  dependence  of  the  isothermal 
Joiile-Thompson  effect  shows  that  the  temperature  decrease 
by  each  10  K  increases  isothermal  Joule-Thompson  effect  by 
lOapproximately  for  such  coolants  as  nitrogen,  air,  argoTi. 

The  continuous  operation  time  of  self-regulating  VMS  J-T 
determines  according  to  [2]: 


tr  — 


(1) 


of  coolant  compressibility;  n  =  Qu/Qp  -  operating  ratio  of 
available  heat  pumping  capacity. 

The  decrease  of  coolant  temperature  can  improve  three  pa¬ 
rameters:  the  coolant  Joule-Thompson  effect,  operating  ratio 
of  available  heat  pumping  capacity  and  the  pressure  when  the 
system  can  not  ensure  the  object  temperature  of  80  K.  Equa¬ 
tion  (1)  shows,  that  the  continuous  operation  time  of  VMS 
J-T  with  preliminary  thermoelectric  cooling  can  increase. 

In  order  to  compare  of  the  continuous  VMS  J-T  operation 
time  with  precooling  and  the  conventional  VMS  J-T  we  shall 
assume,  that  both  systems  operate  at  identical  conditions  and 
their  useful  heat  pumping  capacity  is  identical  at  the  max¬ 
imum  pressure  when  the  system  can  not  ensure  the  object 
temperature  of  80  K. 

Then  the-  required  relation  of  the  continuous  VMS  J-T  op¬ 
eration  time  is  determined  by  the  relation  of  integral  values  0 
and  1,  which  relate  to  the  conventional  VMS  J-T  and  VMS  J 
-T  with  the  thermoelectric  precooling: 


The  calculation  results  showed  that  the  continuous  VMS  J- 
T  operation  time  with  coolant  precooling  depends  actually  on 
the  change  of  coolant  Joule-Thompson  effect,  the  operating 
ratio  of  available  heat  pumping  capacity  and  on  the  pressure 
when  the  system  can  not  ensure  the  object  temperature  of 
80  K.  This  time  is  determined  by  relation  (3). 


(3) 


The  calculation  dependence  of  operating  time  of  VMS  J-T, 
which  operates  with  nitrogen  is  shown  in  Fig.l. 


Development  and  test  of  hybrid  VMS  J-T 
systems  with  the  preliminary  thermoelectric 
cooling  of  coolant 


where  V  -  vessel  volume;  Qu  -  useful  heat  pumping  capacity; 
T  -  environment  temperature;  R  -  gas  constant  ;  A  -  integral: 

p 

A-  I  Ait  riT  ■  d,— 

JPr/Z.  ^ 

Air-  is  isothermal  Joule-Thompson  effect;  Pr,  Pj  -  the  initial 
pressure  and  the  pressure  when  the  system  can  not, ensure  the 
object  temperature  of  SOK.  Zr,  Zf  -  corresponding  coefficients 


The  one  and  two-stages  thermoelectric  coolant  precoolers  have 
been  developed  for  the  experimental  determination  of  the  in¬ 
fluence  of  preliminary  thermoelectric  cooling  on  the  duration 
of  VMS  J-T  operation.  Experimental  investigations  of  mock- 
ups  with  hybrid  self-regulating  VMS  J-T  with  heat  pumping 
capacity  of  1  and  10  W  on  the  temperature  level  80  K  were 
carried  out  with  nitrogen  at  the  environment  temperature  293 
K,  filling  pressure  -  35  MPa  and  vessel  volumes  of  0.72  and  5.0 
liters  accordingly. 
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Figure  1;  Dependence  of  system  work  time  on  refrigerant  tem¬ 
perature 


refrigerant  temperature,  K 


Table  1:  The  experimental  data  work  mock-up 


Heat  pumping  capacity 

P.W 

1 

10 

Object  temperature 

T.  K 

80 

80 

Work  time  without 
Coolant  precooling 

to,  min 

49 

58 

Work  time  with 

Coolant  precooling 

<1,  min 

80.5 

92.5 

Times  ratio 

tl/to 

1.8 

1.6 

Re  fe  Fences 

[1]  Fonyakov  S.A.,Ovshinnikov  S.G,  Ermakov  V.M.,  Gavrin 
E.A.,  Ulibina  L.P.  Peculiarities  of  calculation  of  relative 
mass  of  the  vessel  Joule-Thompson  microcryogenic  sys¬ 
tems  Himishes-  koe  i  neftianoe  machinostroente  1989. 
N.7,  P.14-16,  (in  Russian). 

[2]  Merkel  N.D.,  Ficher  E.A.  Design  and  experimental  de-  ter¬ 
mination  of  optimum  pressure  of  filling  of  the  vessel  sys¬ 
tems  with  self-regulating  microcoolling  Himisheckoe  i  nef¬ 
tianoe  machinosiroenie  1988.  N.8  C. 13-16.  (in  Russian). 


The  results  of  those  investigations  are  shown  in  the  table. 

In  the  table  you  can  see  that  the  increase  of  VMS  J-T  op¬ 
erating  time  due  to  application  of  preliminary  thermoelectric 
coolant  precooling  are  equal  practically  to  the  calculated  val¬ 
ues  on  Fig.l. 


Conclusion 

The  theoretically  demonstrated  opportunity  of  principle  of  the 
preliminary  coolant  precoohng  for  increase  of  the  operating 
time  of  the  continuous  self-regulating  VMS  J-T  with  various 
heat  pumping  capacity  was  confirmed  by  these  experimental 
investigations. 

The  calculating  dependence  of  VMS  J-T  operating  time  on 
the  coolant  temperature  was  received.  The  results  of  calcula¬ 
tions  are  confirmed  experimentally. 

The  thermoelectric  coolers  for  the  preliminary  coolant  pre¬ 
cooling  of  self- regulating  VMS  J-T  with  heat  pumping  capacity 
of  1  and  10  W  have  been  created. 

The  experimental  investigations  of  the  mock-ups  of  the  VMS 
J-T  with  the  preliminary  coolant  thermoelectric  precooling 
were  carried  out.  The  continuous  operating  time  of  such  hy¬ 
brid  systems  is  1.8-1. 6  times  as  great  as  that  for  conventional 
VMS  J-T  under  equal  other  conditions. 
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OPTIMAL  FUNCTIONS  OF  MAGNETIC  FIELD  FOR  THE  PELTIER  COOLERS 

L.I.Anatychuk,  L.N.Vikhor 

Institute  of  Thermoelectricity,  Chernovtsy,  274000,  General  Post  Office,  box  86,  Ukraine 


Methods  of  optimal  control  are  used  in  the  present  work  for 
search  of  the  best  magnetic  field  function  of  the  Peltier  stage 
cooler.  The  possibility  of  low-temperature  coolers  coefficient 
of  performance  increase  by  the  use  of  optimally  nonuniform 
magnetic  field  is  demonstrated. 


Introduction 

Reaching  of  the  best  thermoelectric  cooling 
module  characteristics  is  connected  with  solution  and 
practical  adoption  of  optimizing  problems  results.  In  our 
papers  [1,2,3]  we  give  a  number  of  examples  confirmed 
the  concept  of  further  progress  in  thermoelectricity  by  the 
change  from  optimal  numbers  to  optimal  functions. 

Problems  of  optimal  functions  in  thermoelectricity 
search  were  analyzed  in  [1].  There  are  about  120  such 
problems  in  thermoelectric  cooling.  Only  nine  of  them 
have  been  solved  for  today.  That  is  why  Institute  of 
Thermoelectricity  (Ukraine)  conducts  researches  in  this 
approach. 


The  problem  of  optimal  control  by  magnetic  field 
strength  value  in  [3]  is  extended  over  optional  stage 
number.  It  has  found  magnetic  field  optimum  distribution 
for  a  multi-stage  cooler  where  each  stage  has  its  own 
strength  of  magnetic  field.  Within  each  stage  the  magnetic 
field  is  uniform.  It  was  shown  that  in  case  of  temperature 
differences  in  60-70  degrees  the  coefficient  of 
performance  gain  reached  40-50%  as  compared  with 
optimal  uniform  magnetic  field. 

The  results  having  been  obtained  in  [2]  and  [3] 
have  lead  to  propounding  of  a  novel,  more  complicated 
optimizing  problem.  It  reduces  to  the  problem  of 
magnetic  field  strength  optimal  function  search  for  the 
Peltier  multi-stage  cooler  with  n-type  legs  of  Bi-Sb. 

Problem  Formulation 


The  present  paper  continues  a  series  of  papers  on 
the  optimal  control  theory  methods  research  for  the 
optimal  functions  search  and  for  their  use  at  low 
temperature  stage  coolers  design. 

It  is  possible  to  provide  the  best  parameters  of  the 
Peltier  cooling  modules  in  steady-state  condition  by  two 
optimal  functions.  The  first  is  the  dependence  of  current 
carrier  concentration  along  thermoelement  leg  height  on 
coordinate.  Search  problem  solution  of  such  dependence 
for  maximum  temperature  difTerence  or  thermoelement 
coefficient  of  performance  achievement  is  given  in  [1].  It 
was  found  that  cooluig  efficiency  of  the  inliomogeneous 
thermoelement  from  Bi-Te  based  materials  can  be 
improved  by  20-25%  depending  on  temperature 
difference. 

In  low-temperature  region  it  is  expedient  to  use 
alloys  based  on  Bi-Sb  as  n-type  leg  of  thermoelements.  It 
is  connected  with  large  thermoelectric  figure  of  merit  of 
these  alloys  which  sharply  increases  with  the  effect  of 
external  magnetic  field.  In  tins  connection  cooling 
efficiency  in  low  temperature  region  can  be  increased  by 
the  second  optimal  function.  It  is  the  magnetic  field 
strength  dependence  on  a  leg  coordinate. 

The  possibility  of  thermoelectric  cooling 
parameters  improvement  in  a  separate 
magnitothermoelectric  stage  of  the  Peltier  cooler  is 
demonstrated  in  [2].  It  is  shown  that  the  use  of  optimal 
nonuniform  effect  on  the  n-type  leg  from  Bi-Sb  results  in 
coefficient  of  performance  rise  up  to  20%  depending  on 
temperature  difference  in  the  stage. 


Die  scheme  of  the  optimal  control  problem  by 
magnetic  field  strength  value  for  A-stage  cooler  is  shown 
in  Fig.l.  Magnetic  field  of  B  strength  that  can  be  the 
function  of  x  coordinate  is  perpendicular  to  the  current 
direction.  The  starting  data  for  optimization  include  heat 
pumphig  capacity  of  a  cooler  Qq,  cooling  temperature  7^ 
hot  surface  temperature  TJ,. 

Fig.l.  A  model  of  Mstage  thermoelectric  cooler. 
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The  object  of  the  research  is  the  determination  of 
the  magnetic  field  B(x)  best  function  and  the  best  power 
function  for  each  stage. 

The  model  also  takes  into  account  contact 
resistance  values  tq,  interstage  temperature  differences  5T 
and  heat  exchange  with  environment  at  heat-transfer 
coefficient  ar . 

Temperature  dependences  of  thermo-e.m.f 
coefficient  a,  electric  conductivity  a  and  thermal 
conductivity  k  are  the  given  parameters  as  well  as  a  ,  c  , 
AT  dependences  on  magnetic  field  strength. 

Hence  the  problem  covers  rather  completely  all 
necessary  parameters  of  a  material,  a  cooler  and  its 
operation  conditions. 

Temperature  T(x)  and  specific  heat  fluxes  q(x) 
distributions  in  thermoelement  legs  are  determined  by  the 
system  of  47V -differential  equations  in  the  form  of 


dT  ait  rr  4 

ax  K  K 

dq  _  a^ik  j  ,  ^  ,  4  ^ 

dx  K  K  >n,p 


(1) 


Here  a  ,  a  and  k  for  p  -type  leg  are  the  functions 
of  temperature,  and  for  n-type  they  are  functions  of  both 
temperature  and  magnetic  field  strength.  Thrs  assumption 
is  justified,  since  />-type  leg  .is  made  of  Bi-Te  based 
material,  its  properties  have  weak  dependence  on 
magnetic  field,  and  n  -type  leg  is  made  of  Bi-Sb  based 
material,  parameters  of  which  have  strong  dependence  on 
the  field. 

Boundary  conditions  for  these  equations  are 
written  as  the  temperature  equalities  between  stages  with 
regard  to  interstage  temperature  losses  and  have  the  form 

r„(0")  =  7’^(0")  =  r,  ,  =  Tp{xs')  =  T, 

T,(x,*)  =  r/x/) ,  =  T^ixn,  (2) 

r„(x,^)  =  r„(x,-)+5J, 

where  positions  of  points  x^ ,  jSr=/,  TV  are  not  fixed. 

It  is  necessary  to  find  such  conditions  when 
coefficient  of  performance  reaches  its  maximum  under 
given  cooling  value.  In  the  optimal  control  theory 
language  the  problem  is  reduced  to  the  functional 
minimum  determination 

/  =  ^(In^f -ln4)-  (3) 

i=l 

Specific  heat  fluxes  on  the  junctions  are 
determined  by  expressions 


4  =  E 


n,p 


qixl)  +  i^rQ  +  ^{T,,  -  TixD) 


(4) 


n,p, 


They  depend  on  current  densities  controlled 
parameters  and  magnetic  field  strength  function 

B(x). 

The  solution  of  the  assigned  optimal  problem  is 
given  by  the  Portnyagin's  maximum  principle  [4]. 
According  to  this  principle  the  following  conditions  must 
be  fulfilled  for  the  minimum  / : 

1.  Current  densities  in  stages  must  satisfy  the 
equalities 


di. 


n,p 


H-i 


di, 


k  ;k\ 

—  u!x  =  0 , 


(5) 


n,p 


where  the  Hamilton  function  Ifi  has  the  form 


H'' +'¥2/2),  (6) 

n,p 

are  the  right-hand  terms  of  the 
equations  (1),  vy  =  (Vi>H'2)n,p"  the  pulse  vector  [1]. 

2.  Coordinates  of  junction  points  x^  satisfy  the 
equalities 


H>‘(x-^)  =  H'‘^Hx],),k  =  l,...N-l.  (7) 

3.  Optimal  function  of  the  magnetic  field  strength 
must  satisfy  the  condition 

(v|/(x),  T  (x),q(x),  B(x),  i)  = 

=  max  H^{\\i(x),T(x),q(x),B,i) 

This  problem  solution  was  realized  by  the 
numerical  method  of  successive  approximations.  The 
computer  program  has  been  developed  which  enables  to 
determine  the  optimal  function  of  the  magnetic  field 
nonuniformity  and  to  use  it  for  the  determination  of  the 
stage  best  power  functions  and  parameters  of  the  Peltier 
magneto-thermoelectric  coolers. 

Discussion  of  results 

The  developed  program  was  used  for  the 
calculations  of  multi-stage  coolers  providing  cooling  level 
of  130-907ir  at  7j,=160A;  Experimental  dependences  of 
Bi-Sb  alloy  properties  on  the  temperature  and  the 
magnetic  field  strength  value  given  in  [2]  were  used  in 
calculations. 

Fig.2  shows  the  example  of  one  of  the  magnetic 
field  optimal  functions  derived  for  5-stage  cooler  at 
temperature  difference  of  60  degrees.  These  function 
forms  are  totally  defined  by  material  property  dependence 


on 
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Fig.  2.  Optimal  function  of  the  magnetic  field 
for  5-stage  cooler. 


160  K  100  K 


magnetic  field  strength  and  temperature.  Stage  cooler 
energy  efficiency  increase  with  use  of  nonuniform 
magnetic  field  as  compared  with  the  best  uniform  one  is 
given  on  the  Fig. 3. 

Fig.3.  Relative  deviation  of  CO/'with  use  of  the  magnetic 
field  optimal  function  (curve  1)  or  optimal  distribution  of  the 
field  along  the  stages  (curve  2)  ej^against  its  value  at 
optimum  uniform  field  on  temperature  difference  in  stage 
TEC  at  r^=l60K 


Two  cuives  are  shown  there.  The  cuive  1  gives  the  gain  in 
the  coefficient  of  performance  depending  on  the 
temperature  difference  on  a  cooler  with  use  of  the 
nonuniform  magnetic  field  optimum  function.  Hie  curve 
2  is  given  for  comparison.  This  is  the  similar  dependence 
with  use  of  the  magnetic  field  optimum  distribution 
between  the  stages  that  has  been  got  in  [3].  One  can  see 
that  the  greater  cooling  value  the  larger  the  gain  in  the 
coefficient  of  performance  due  to  the  nonuniform 
magnetic  field  effect.  It  is  apparent  that  the  effect  is 
greater  with  use  of  the  magnetic  field  optimal  functions. 
The  gain  reaches  75%  at  the  temperature  differences  of 
60-70.  It  is  highly  essential  for  low-temperature  coolers. 

Tire  obtained  results  lead  to  the  statement  of  more 
complicated  problem  of  optimal  control  in 
thermoelectricity.  It  reduces  to  the  combination  of 
optimal  nonuniform  effect  by  the  magnetic  field  with 
optimally  inliomogeneous  structure  of  thermoelectric 
material.  This  problem  is  the  subject  of  our  further 
researches. 
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THERMOELECTRIC  MICROCALORIMETRY  OF  BIOLOGICAL  OBJECTS 
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Biology  along  with  thermochemistry  is  a  vast  field 
for  the  use  of  microcalorimetry  which  represents  today  a 
highly  developed  trend  of  thermal  measurement  technique 
in  the  range  from  milliwatt  to  nanowatt. 

Admittedly,  thermoelectric  methods  in 
microcalorimetry  have  a  number  of  advantages  compared 
to  other  methods  of  measuring  thermal  production. 
Possibilities  of  thermoelectricity  use  in  caloremetry  were 
reported  by  Hart  and  Hirst  [1]  at  one  of  the  previous 
International  Conferences  on  thermoelectricity.  This 
paper  indicates  the  possible  microcalorimetry  use  in 
biology  and  medicine  and  gives  examples  of  this  use  based 
on  microcalorimetric  sensors  and  microcalorinieters  in  the 
Institute  of  Thermoelectricity  (Ukraine). 

Biological  processes  occurring  at  various  levels 
from  a  molecule  to  ecological  system  -  are  notable  for 
high  values  of  specific  heat  release  compared  to  many 
phj^ical  and  chemical  processes.  Therefore,  the  first 
calorimetric  studies  made  by  Lavoisier  200  years  ago  were 
based  on  biological  objects.  Since  then  biologists  have 
repeatedly  turned  to  calorimetry,  but  it  was  not  until  the 
recent  decades  that  thermal  process  study  became  possible 
on  molecular  and  cellular  levels. 

The  strength  of  calorimetry  as  a  method  of 
biological  studies  lies  in  its  universality  which  can  be 
attributed  to  the  fact  that  practically  all  biological 
processes  are  accompanied  by  thermal  ones.  Therefore, 
today  microcalorimetry  is  increasingly  used  combined 
with  the  conservative  and  the  newest  methods  of 
biological  process  study. 

The  beginning  of  modern  phase  of  biological 
calorimetry  can  be  traced  back  to  the  series  of  papers  by 
E.Calvet  and  A.Prat  [2]  who  firmly  established 
microcalorimetry  as  the  method  of  biological  studies  and 
determined  its  most  important  trends  for  a  long  period  of 
time. 

There  trends  are  as  follows: 

thermodynamics  of  biological  processes; 
thermochemistry  and  kinetics  of  biochemical  reactions; 
biopolymer  and  biological  macromolecule  studies; 

certain  theoretical  and  applied  research  in 
microbiology  (classification  and  identification  of 
microorganisms,  processes  of  grovith  and  metabolism, 
choice  of  optimum  culture  media,  analysis  of  sterilization 
efficiency,  effect  of  antimicrobial  preparations,  etc.)  and 
hematology; 

study  of  thermal  production  and  thermal  control  of 
animals  and  their  organs; 

physiology  of  plants,  their  seeds  and  organs,  some 
problems  of  photosynthesis; 


industrial  microbiology  and  food  production  (heat 
release  in  the  process,  antibiotic  producer  activity, 
bacterial  infection  control,  etc.); 

medicine  (diagnosis,  choice  of  individual  treatment 
methods,  efficiency  of  medical  preparations,  etc.). 

The  emerging  nonlinear  thermodynamics  of 
irreversible  processes  and  self-organization  theory 
operating  both  with  quantity  and  adequacy  of  infonnation 
will,  admittedly,  rely  upon  the  microcalorimetric  data. 

Tlie  use  of  microcalorimetry  for  studying 
thermodynamics  and  kinetics  of  biochemical  reactions 
virtually  embraces  all  the  sections  of  biochemistry  and  is 
adequate  for  determination  of  thermodynamic  parameters, 
equilibrium  constants,  biopolymer  molecular  mass,  heat 
capacity,  enzyme  activity,  energy  structural  parameters  of 
proteins,  nucleic  acids  and  other  biopolymers.  One  of  the 
most  relevant  fields  of  biological  microcalorimetry  is 
connected  with  studying  intramolecular  biopolymer 
transformations. 

In  the  Institute  of  Thermoelectricity  (Ukraine) 
there  have  been  developed  new  types  of 
microcalorimetric  sensors  which  served  the  basis  for 
biological  purpose  microcalorimeteis.  The  typical 
parameters  are  listed  in  the  Table. 


Table.  Parameters  of  biological  microcalorimeters. 


Parameters 

Units 

Parameter  values 

Temperature  range 

°C 

0-100 

Speed  of  response 

S 

0.1-200 

Sensitivity 

mcW 

0.01-10 

Measured  power 

mcW 

0.1-10000 

Number  of  cells 

1-4 

Working  volume  of  cell 

cm^ 

1-10 

Microbiology  is  one  of  the  best  developed  fields  of 
microcalorimetry  use,  inasmuch  as  microorganisms  have 
sufficient  heat  release  level  of  the  order  of  lO*"*  -  lO*'®  W 
calculating  on  one  cell.  Calorimetric  studies  of 
microorganisms  have  been  conducted  since  the  middle  of 
the  last  century.  E.Calvet  and  A.Prat  |2]  were  the  first  to 
use  microcalorimetry  for  studying  microorganism  cultures 
and  proved  that  thermographs  reflected  specific  features 
of  each  microorganism  type.  This  thermograph  type 
specificity  later  allowed  to  raise  the  idea  of  microorganism 
identification  and  classification  according  to  the  profile  of 
heat  release  curve  as  function  of  time  in  the  process  of 
growth  (Fig.l.).  It  is  seen  from  the  figure  that  under 
standard  conditions  each  microorganism  type  has  its 
unique  curve  profile. 
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Fig.l.  Thermographs  of  microorganism  cultures  at 
3TC:  a-  E.coli  355,  b  -Bas.  subtilis  177;  c  -  St.  aureus 
209;  d  -  C. albicans  688. 


Microorganisms  change  their  thermograph  profile 
depending  in  temperature,  culture  medium  composition, 
the  effect  of  toxic  substances  and  antibiotics.  At  the 
prevent  time  mierobiology  has  at  its  disposal  a  rich 
collection  of  thermographs  for  a  large  number  of  types. 
The  best  studied  is  thermal  production  of  E.  coli.  The 
thermographs  shown  in  Fig.  2-5  give  the  idea  about  the 
relative  value  of  heat  release  and  the  character  of  changes 
in  the  colon  bacillus  heat  production  occurring  at  various 
stages  of  growth. 

Fig.2.  E.  coli  355  thermograph  profile  as  function  of 
temperature:  a  -  39.8°C;  b  -  36.8‘C;  c  -  32.3°C;  d  -23.S‘C; 
e  -20.5° C. 


Fig. 3.  E.coli  355  thermographs  at  various  glucos 
concentrations:  a  -  1%;  b  -  0.8%;  c  -  0.1%;  dashed  curve  - 
standard  medium. 


Fig.. 4.  E.coli  355  thermograph  profile  as  function  o 
intial  cell  concentration. 

Heat  production 


Fig.  5.  Thermograph  and  growth  curve  of  E.  coli  35 
during  24  hour  -  test. 
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Fig.6.  St.  aureus  209  thermographs  for  various 
decametoxine  concentrations: 


In  recent  years  microcalorimetric  methods  have 
been  increasingly  used  in  theoretical  medicine  and  clinical 
practice.  A  valuable  experience  has  been  accumulated  in 
the  use  of  microcalorimetry  for  making  analyses,  studying 
pathogenic  bacteria,  blood  and  tissue  cells,  definition  of 
medical  preparation  efficiency.  These  works  are  carried 
out  on  the  biochemical  level,  the  level  of  cells,  tissues  and 
individual  organs. 

Chemical  and  biochemical  analyses  in  clinical 
practice  are  critical  for  the  diagnosis  of  illnesses  and 
control  of  medical  treatment  results.  Conservative  analysis 
methods  are  efficient  enough  but  their  number  is 
insufficient  to  work  on  a  cellular  level.  Therefore, 
microcalorimetry  of  microorganisms  and  cells  is  of  great 
interest  for  medicine. 

Among  the  analytical  methods  one  should 
emphasize  the  use  of  microcalorimetry  on  a  biochemical 
level  to  determine  activity  of  enzymes.  The  thermograph 
shift  K  directly  proportional  to  the  thermal  effect  typical 
of  enzyme  activity.  The  accuracy  of  calorimetric 
definitions  corresponds  to  the  level  of  traditional  methods. 

Microcalorimeter  methods  are  also  effective  for 
studying  such  complicated  chain  of  processes  as  plasma 
coagulation  and  allow  to  determine  time  of  coagulation 
with  the  error  of  the  order  of  3  sec. 


Discussed  methods  of  microorganism  studies  are 
adequate  for  solving  a  series  of  medical  problems.  They 
include  diagnosis  based  on  microcalorimetric 
identification  of  microorganisms  and  determination  of 
bacterial  infection.  Experience  shows  that  during  several 
hours  it  is  possible  to  determine  the  difference  between 
the  levels  of  bacteria  concentration  10'*  ...  10^  cells/ml. 
Compared  to  chemical  tests  of  bacterial  infection  and 
identification  of  pathogenic  organisms. 

Microcalorimetry  also  allows  to  use  antibiotic 
action  kinetics  [4]  to  find  the  optimum  (minimum) 
therapeutic  doses  (Fig.6). 

Heat  release  measurements  provide  valuable 
information  about  the  processes  of  antibiotic  biosynthesis 
and  other  processes  in  microbiological  industry. 

Microcalorimetry  proved  itself  to  be  a  method  of 
blood  cell  study  and  diagnosis  in  clinical  hematology. 

Valuable  information  has  been  obtained  concerning 
energy  expenditure  of  surviving  organs  which  is  of  interest 
to  transplantation  science. 

The  list  of  possible  biological  and  medical 
microcalorimetry  applications  testifies  to  the  large 
potential  opportunities  of  further  introduction  of 
microcalorimetric  methods  into  there  fields. 
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Calorimetric  complex  for  determination  of 
chemical  current  sources  self-discharge  thermal  energy  is 
proposed.  It  consists  of  multi-cell  microcalorimeter  with 
separable  thermal  blocks  and  the  control  block  provided 
signal  measurements,  their  processing  as  well  as  the 
temperature  regime  of  the  thermostat.  The 
microcalorimeter  structure,  its  parameters  and  thermal 
measurements  results  are  given. 

There  is  a  wide  group  of  control-measuring 
devices  and  electronic  equipment,  tlie  only  supply  source 
of  which  is  chemical  current  sources  (CCS).  Along  with 
such  valuable  qualities  as  small  size,  relatively  high  energy 
density  and  low  cost,  chemical  current  sources  has 
disadvantages  including  electrical  parameters  dependence 
on  environment  effects,  limited  service  life  and  problem 
in  determination  of  power  capacity  current  value.  The 
advent  of  chemical  current  sources  with  improved 
parameters  on  the  base  on  Li  compounds  and  their  use 
made  the  quality  control  problem  that  defines  mainly  by 
their  power  capacity  very  actual.  Existing  methods  of 
power  capacity  determination  by  current  measurement  on 
the  load  discharge  the  sources  and  it  appears  the  necessity 
in  CCS  quality  assessments  by  other  more  effective 
methods  than  the  direct  current  measurements  on  the 
load.  It  is  also  known  that  real  CCSs  are  characterized  by 
self-discharge  currents  the  value  of  which  greatly  effects 
on  their  service  life  along  with  the  load  current.  Even 
during  storage  (outside  load  current  absence)  the  enlarged 
self-discharge  current  encourages  CCS  untimely  agmg.  As 
the  processes  occurring  in  chemical  energy  conversion  are 
accompanied  by  heat  release  depend  on  source  power 
capacity  and  self-discharge  current,  use  of 
microcalorimetry  could  determine  CCS  quality  by  the 
nondestructive  control  method. 

Fig.  1.  Structure  of  the  microcalorimeter. 
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For  this  purpose  microcalorimetric  complex  has 
been  developed.  It  consists  of  multi  -  cell 
microcalorimeter  itself  with  separate  thermal  blocks  for 
CCS  of  three  different  sizes  and  the  control  block 
providing  signals  from  calorimetric  cells  measurement, 
their  processing,  and  the  required  temperature  setting  of 
the  thermal  block.  Fig  1  shows  the  calorimeter  structure, 
the  base  of  which  is  mass  compound  aluminium  block  2 
with  eleven  measuring  cells  1.  Mass  thermal  block  is 
places  into  thick-wall  shell  3  with  a  heater  4.  The  shell  3 
is  surrounded  by  the  radiation  shields  of  a  passive 
thermostat  5  and  outer  housing  6  the  space  between  them 
is  filled  by  basalt  fibre  7.  Removing  covers  8  of  the 
passive  thermostat  and  removing  top  part  of  the  thermal 
block  are  provided  for  the  cells  access.  The  arrangement 
of  cells  in  the  central  part  of  the  thermal  block  is  shown 
in  fig. 2.  For  thermal  symmetry  "working"  cells  are 
arranged  along  two  concentric  circles  with  a  "test"  cell  in 
the  center.  A  cell  structure  is  given  in  fig. 3. 


Fig.  2.  Arrangement  of  measuring  cells  in  the  thermal  block. 


T 
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A  measuring  cell  consists  of  reaction  chamber  1 
centered  on  the  block  space  by  covers  of  thermal 
insulation  material.  Thermobattery  2  has  contacts  by  "hot" 
junctions  with  outside  surface  of  the  reaction  chamber 
and  by  "cold"  ones  with  inside  surface  of  the  thermal 
block  3  central  part  cavity.  For  easy  CCS  removal  from 
the  reaction  chamber  a  push  out  unit  4  is  provided. 
Electric  section  connector  5  permits  quick  replacement  of 
the  thermal  block  removal  part. 

Signals  from  the  measuring  cells  put  at  the  input 
commutator  and  amplifier  that  located  under  the  outside 
shell  of  the  microcalorimeter  case  for  the  external 
magnetic  field  piclcups  suppression.  The  enhanced  signal 
of  a  given  differential  couple  of  cells  through  the  cable 
puts  at  the  control  block.  The  control  block  consists  of  a 
thermoregulator  unit  and  information  processing  unit. 
The  information  processing  unit  is  made  on  the  base  of 
microprocessor  KR580VM80  and  permits  to  get  the 
measurement  results  in  form  of  thermo-e.m.f.  signal, 
thermal  flow  power  value  or  total  heat  release  for  a 
definite  period  and  to  calibrate  and  to  exchange  of 
information  with  external  computer. 

The  tentative  measurements  of  cunent  sources 
self-discharge  heat  release  of  A373  type  showed  that 
power  level  is  about  40-60  mW.  In  the  case  of  100  kOhm 
outside  load  connection  to  CCS  its  heat  release  is 
increased  by  a  factor  of  two. 

At  present  calorimetric  measurements  for  statistic 
data  set  are  carried  out  for  CCS  quality  determination 
method  development. 


Parameters  of  microcalorimetric  complex 


Dynamic  range  of  measurements 

1  mcW 

10  mW 

Threshold  sensitivity,  no  worth 
than 

1  mcW 

Constant  time  of  measuring 
cells,  no  more  than 

300  s 

Active  thermostatting  range 

35-70°C 

Number  of  thermal  separate 
blocks  a  microcalorimetric  cell 
size  corresponds  to  CCS  sizes  of 
A316,  A343,  A373  types 

3 

Number  of  cells  in  each  thermal 
block 

11 

Overall  dimensions  of  a 
microcalorimeter,  mm 

1000x1000x1100 

Mass  of  the  microcalorimeter, 
no  more  than 

110  kg 

Overall  dimensions  of  a  control 
block,  mm 

480x480x140 

Mass  of  a  control  block,  no 
more  than 

10  kg 
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THERMOELECTRIC  COOLING  OF  SEMICONDUCTOR  LASERS 
UNDER  EXTREME  TEMPERATURE  CON13ITIONS 

V.A.Semeniouk,  T.V.Pilipenko 
Thermion  Company,  Odessa  270009,  Ukraine 

The  results  of  the  development  of  thermoelectric  cooling  devices 
(TCD)  for  cooling  semiconductor  lasers  and  hght-emitting  diodes  at 
high  ambient  temperatures  are  given.  The  particular  case  of  TCD 
apphcation  as  a  part  of  fiber-optic  module,  used  for  the  research  of 
Earth  deep  boreholes,  where  the  temperature  can  reach  180  “C,  is 
discussed  in  detail. 


Introduction 

In  many  cases  there  appears  the  necessity  to  use  semiconductor 
lasers  under  conditions  of  increased  ambient  temperature,  at  the 
same  time  great  guaranteed  life  and  high  .stability  of  light  emission 
parameters  are  to  be  provided.  Such  conditions  arise,  for  example, 
when  lasers  are  used  for  borehole  surveying  with  the  aim  of 
transferring  information  from  deep  Eruth  boreholes.  The  main 
problems  arising  in  this  case  are  connected  with  the  increase  of 
temperature  which  can  reach  180  °C  at  the  depth  of  10000  m.  The 
most  important  parameters  of  injection  lasers  such  as  frequency, 
mode  composition,  emission  power,  threshold  characteristics,  COP 
of  laser  transformation,  degradation  proce.sses  velocity  greatly 
depend  on  temperature  [1].  At  temperatures  close  to  180  “C  the 
operation  of  most  injection  lasers  is  impossible  at  all  due  to  heat 
break-down  of  the  laser  generation.  At  the  same  time  the  peculiarity 
of  the  application  field  under  consideration  is  such  that  the  replace 
of  defective  products  is  impossible  or  extremely  unprofitable  and  the 
breakage  of  even  one  laser  is  a  catastrophic  event.  Thus  the 
application  of  lasers  under  extreme  temperature  conditions  requires 
their  cooling  to  safe  temperatures. 

The  results  of  the  development  of  TCD  for  fiber-optic 
module  used  as  a  part  of  a  borehole  device  while  researching  the 
Earth  deep  boreholes  are  given  below.  The  researches  were  carried 
out  in  two  directions:  development  of  TCD  for  the  borehole 
temperature  Tg=120  °C  with  the  laser  temperature  T^,  being  kept  not 
higher  than  40  “C,  and  determining  the  maximum  temperature  T,,  at 
which  it  is  still  possible  to  maintain  the  laser  temperature  at  the  level 
of  60  “C  in  a  standard  borehole  device.  The  research  involved  the 
following  steps: 

-  heat  sink  optimisation; 

-  estimation  of  heat  load  at  the  object  of  cooling; 

-  choice  of  semiconductor  materials  and  accurate  study  of 
temperature  dependence  of  their  thermoelectric  properties; 

-  TE  cooler  optimization; 

-  technology  development; 

-  TCD  construction  development; 

-  TCD  testing; 

-  estimation  of  possibilities  to  develop  TCD  for  increased 
temperature  level. 

The  researches  were  carried  out  in  the  above  mentioned 
order  and  each  completed  stage  was  the  basis  for  the  optimal 
solutions  at  the  next  step.  Restrictions  connected  with  the 
peculiarities  of  the  borehole  device  construction  and  its  operational 
conditions  were  taken  into  account. 


Particular  restrictions 

There  is  no  doubt  that  the  given  temperature  differences  can  be 
acliieved  in  principle  with  the  help  of  modem  TE  coolers.  However 
in  the  case  under  consideration  the  problem  becomes  much  more 
difficult  because  of  the  necessity  to  build-in  TCD  to  the  .standard 
housing  of  borehole  deviee.  The  borehole  device  is  made  in  the  fonn 
of  a  tube  with  the  inner  diameter  of  only  37.8  mm.  Inside  this 
cylinder  it  is  necessary  to  place  TCD  consisting  of  TE  cooler  and  the 
heat  sink  in  the  form  of  a  hollow  cylinder,  providing  the  heat 
transfer  to  the  housing  of  the  borehole  device.  The  object  of  cooling 
(semiconductor  laser  sealed  in  a  cylinder  casing  of  1 1  mm  diameter 
and  25  mm  length)  must  be  placed  in  the  heat  sink  cavity.  The 
annular  clearance  between  the  casing  and  the  heat  sink  doesn't 
exceed  10  mm.  Thus,  the  object  to  be  cooled  is  sumiunded  by 
superheated  jacket  and  the  insulating  clearance  is  very  small.  In  (in.s 
connection,  the  heat  load  applied  to  the  object  of  cooling  provc.s  U' 
be  considerable  even  in  using  such  an  efficient  thermal  insulation  as 
TSMK  on  the  basis  of  porous  silicon. 

Be.sides,  according  to  the  assembly  conditions  there  must 
be  provided  an  cylinder  air  clearance  not  less  than  0.2  mm  between 
the  TCD  heat  sink  and  the  housing  of  the  borehole  device,  which 
greatly  increases  the  thermal  resistance  on  the  hot  side  of  the  TE 
cooler. 

The  next  difficulty  is  that  the  most  efficient  TE  materials  on 
the  basis  of  bismuth  telluride  show  ambipolar  conductivity  in  the 
temperature  range  under  consideration  which  results  in  a  sharp 
reduction  of  their  thermoelectric  quality.  Therefore  to  develop  a  TE 
cooler  with  acceptable  characteristics  it  is  necessary  to  carry  out 
optimal  doping  of  semiconductor  materials  for  the  temperature 
range  from  60  to  180  °C. 

Thus,  to  solve  the  problem  it  is  necessary  to  estimate  and 
implement  the  limit  characteristics  of  all  TCD  elements. 


Heat  sink  optimization 

Schematic  of  the  heat  sink  is  given  in  Figure  1.  The  heat  sink  is 
made  in  the  form  of  a  tube  with  the  diameter  of  37.6  mm  and  the 
length  of  260  mm  installed  with  a  clearance  inside  the  borehole 
device  housing.  In  the  lower  part  of  the  heat  sink  there  is  a  hole  of 
32  mm  diameter  (cavity  A)  for  putting  in  the  thermoelectric  unit, 
laser  emitter  and  thermal  insulation.  The  upper  part  is  made  more 
thick-walled  (inner  diameter  is  18  mm)  to  increase  longitudinal  heat 
conduction.  Heat  from  coolers  is  transferred  to  surface  B. 
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Let  us  coMsider  the  probleni  ol'optimtil  placing  the  Tli  unit 
inside  the  heat  sink  of  such  a  ennsinietion.  I'or  the  ease  ol  an  equal- 
walled  eyliridncaJ  heat  sink  the  placing  in  the  hihc  centre  is  an 
optimal  version,  as  in  this  case  the  ihennal  resistance  ol  the  heat  sink 
is  minimal.  In  a  more  general  ease,  wheti  separate  sections  of  the 
tube  have  different  thickness,  the  problem  of  optimal  plaang  the 
heat  source  requires  additional  research.  The  pur|)osc  is  to  find  sucli 
a  relation  of  lengths  of  separate  tube  sections  which  minimi/es  the 
temperature  rise  at  the  place  of  heat  source  location. 

The  following  model  has  heen  used  for  solving  this 
problem  The  outer  heat  sirtk  diameter  d,  its  total  length  I.  and 
iliameters  of  the  upper  and  lower  holes  d,  and  d^  (d,<d_;)  are  fixed. 
I'he  Tl  -  urat  is  considered  as  the  concentrated  heat  source  of  Qj, 
power.  Heat  transfer  on  the  end  faces  of  the  heat  .sink  is  not  taken 
into  consideration.  There  is  thennal  resistance  in  the  form  of  annular 
air  clearance  of  5  thickness  between  the  heat  sink  and  the  hoiitang  of 
the  borehole  device,  fhe  temperature  of  the  borehole  device 
hou.sing  is  constant  and  equal  to  the  ambient  temperature  '1,..  The 
thermal  conductivity  of  the  heal  sink  is  rather  high,  so  the  raditil 
sections  of  the  heat  sink  can  be  taken  as  isothermal  (one  dimensional 
model  of  heat  dissipation). 

One  can  easily  .see,  that  for  each  part  of  the  tube  the  model 
discussed  is  reduced  to  the  classical  problem  of  heat  conduction  of  a 
rod  with  constant  cross  sectioii,  transfemng  heal  into  the 
surroundings  with  temperature  1'^.  fhe  known  solution  for  the  case 
of  free  convection  has  the  form  [21 

Q  f/if  ml  J  (1), 

whcic 


0  heal  How  al  the  rod  base; 
'/  -  heal  (laiisfci  coefficient; 


»h  'tr'.- 

f|j  ■  temperature  at  tiic  rod  base: 

I ,  lod  length, 

1  '  rod  cross  .section  area, 

P  -  rod  penmeter, 

X  -  thermal  conductivity  of  the  rod 

For  the  discussed  case  of  heat  conduction  through  the  ;ur 
clearance  we  have  an  identical  solution  with  suhstiluticiii  of  a  hy 
equivalent  ratio  X.Ji>  ,  where  X.^  is  Ihennal  condiiclivily  of  air  'fhe 
change  concerns  only  the  fonnula  for  m  parimieler  which  now  takes 
the  fonn: 

m  .1^  (3). 

V  A,F8 

Wnting  down  relations  of  the  form  (1)  for  upper  and  lower  parts  of 
heat  sink  and  adding  them  up  termwise,  we  shall  find 

—  ■  [F,ni|  th( m,!,,  )  t  th(  1112!. '  ('*) 

'K 

and  then  define  the  heat  siriK  thermal  rcsishuice  as 

follows 

Rj,  [M^mi  f/ifiTiiL,  ^  L  A-lLm,  f/iFm2l.2  J]  ' 

The  solution  of  the  problem  of  the  heal  source  optimal 
location  is  reduced  to  the  search  of  minimum  as  a  limction  of  L,. 
Supposing  in  (5)  dRj,/dl,i  -  0  and  taking  into  account  the  equality 
L^=L-L,  we  find  an  optimal  condition  of  the  form: 

m,L,  m2l.2  (6X 

or 


L2 


It  is  interesting  to  note  that  the  condition  (6)  corresponds  to  equality 
of  thermal  resistances  of  the  heat  sink  separate  parts,  as  well  as  the 
equality  of  excess  temperatures  al  its  ends. 

For  the  case  under  consideration  (d  -37  6  nim,  d,-18  mm, 
d2-32  mm)  we  find  from  condition  (7)  Li/Lj-l.bS,  which  gives, 
with  I,  value  of  260  min,  I,|  160  mrn  and  L^'TOO  mm.  Figure  2 
shows  the  dependence  of  the  minimum  R|,  value  on  the  clearance 
width  calculated  with  the  help  of  relationship  (5)  al  optimal  Lj  and 

Fig  2  Dependence  of  thermal  resistance  al  the  hot  side  of  TF,  cooler 
on  the  width  of  heat  si nk-to- housing  clearance 
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L^.  It  is  seen  that  at  6  =  0.2  mm  the  minimum  thermal  resistance  is 
0.4  KAV.  With  the  increase  of  the  clearance  width  superheat 
increases  nearly  proportionally,  indicating  that  the  contribution  of 
the  air  clearance  thermal  resistance  is  prevalent. 

To  conclude  this  section  we  shall  note  that  in  the  minimum 
region  the  dependence  of  Rj^  on  L  is  sloping  enough  so  the  heat 
source  shift  by  20-30  mm  to  both  sides  from  established  optimum  is 
admissible  without  agnificant  increase  of  superheat. 


Heat  load  identification 

Heat  load  on  the  TE  cooler  consists  of  the  laser's  own  heat 
dissipation  Qj  and  heat  gains  from  the  environment  Q^.  The  latter 
are  defined  by  the  borehole  device  construction,  they  considerably 
depend  on  mutual  arrangement  of  separate  TCD  parts  and  cannot  be 
estimated  theoretically  with  sufficient  accuracy.  In  this  connection 
the  experimental  estimation  of  heat  load  was  carried  out  on  a  TCD 
model.  The  idea  of  the  method  is  to  estabhsh  in  a  TCD  model  a 
standard  TE  cooler  with  known  heat  load  characteristic  Q<.(AT), 
and,  on  obtaining  a  definite  temperature  of  the  laser,  to  use  it  as  a 
control  point  for  determining  the  heat  load  with  its  subsequent 
recalculation  for  specified  temperature  conditions.  In  recalculating 
the  linear  dependence  of  on  temperature  difterence  AT=Tj,-Tp 
was  taken  into  account. 

The  value  obtained  in  such  a  way  for  Tj,=40  °C, 
Tg=120  °C  was  1.73  W  and  hence  the  total  heat  load  with  the 
laser's  heat  disapation  0.2  W  taken  into  account  equals  1.93  W. 

Thermoelectric  materials 

It  is  imposable  to  calculate  exactly  the  TE  cooler  parameters 
without  the  knowledge  of  temperature  dependence  of 
semiconductor  materials  thermoelectric  properties  in  the 
temperature  range  under  consideration. 

For  the  TCD  on  borehole  temperature  to  120  °C  were 
chosen  semiconductor  materials  obtained  by  extrusion  method.  Its 
figure  of  merit  Z,  calculated  by  the  results  of  kinetic  coefficients 
measurements  in  the  temperature  range  from  0  to  150  “C  is  given  in 
Figure  3  (rdationships  1).  It  is  seen  that  materials  of  both  types  of 

Fig.  3  Temperature  dependence  of  thermoelectric  figure  of  merit  for 
extruded  TE  materials  (1)  and  Czochralski  grown  single  crystals  (2), 


Temperature  (°C) 


Temperature  (K) 


conductivity  have  thermoelectric  efficiency  high  enough  at 
temperatures  up  to  100  “C.  However,  at  higher  temperatures  their 
thermoelectric  figure  of  merit  drops  sharply,  indicating  that  the 
ambipolar  diffiision  becomes  rather  significant. 


TE  cooler  optimization 

The  above  mentioned  results  of  preliminary  researches 
together  with  specified  temperature  conditions  give  a  complete  set 
of  input  data  for  the  cooler  optimization.  The  operation  with 
maximum  COP,  which  corresponds  to  the  minimum  heat  sink 
superheating,  is  chosen  as  a  design  condition.  The  optimization  was 
carried  out  using  the  technique  described  in  works  [3-5].  There  were 
used  experimental  data  on  the  temperature  dependence  of  kinetic 
coefficients  for  extruded  semiconductor  materials.  According  to  the 
calculations  for  one-cascade  version  the  necessary  power  exceeds 
22  W,  which  is  not  acceptable  considering  specified  heat  removal 
limitation.  In  this  connection  a  two-cascade  construction  of  a  cooler 
was  accepted.  Its  design  characteristics  (Table  1)  provide  the 
attainment  of  the  specified  operating  conditions  (Tq=40  °C  at 
Tg=120  °C,  Qo=2  W,  Rjj=0.4  KAV)  with  minimum  power 
consumption. 


Table  1 .  Design  characteristics  of  TE  cooler  for  TCD  on  borehole 
temperature  120  °C 


Parameter 

numerical  value 

Number  of  thermoelectric  legs; 

high-temperature  cascade 

236 

low-temperature  cascade 

112 

Dimenaons  of  TE  legs,  mm: 

cross  section 

06x0.6 

height 

0.8 

Optimal  current,  A 

0.8 

Voltage,  V 

13.9 

Technology 

Theoretical  optimization  and  reasonaUe  designing  alone  do  not 
solve  the  problem  of  deveiopng  a  TCD  for  extreme  temperature 
conditions.  The  decisive  factor  is  the  technical  posability  to  realize 
adopted  design  which  supposes  efficient  technology  availability. 

Technical  characteristics  of  TE  coder  must  correspond  to 
conditions  of  its  operation.  To  avoid  the  damage  of  the  cooler  the 
mdting  temperature  of  solders  used  must  be  considerably  higher 
than  the  specified  heat  sink  temperature.  TE  leg  junctions  must  be 
protected  from  the  penetration  of  a  commutation  material.  The 
cooler's  parameters  should  not  vary  considerably  under  the 
conditions  of  long  operation  at  high  temperatures. 

The  technology  of  TE  legs  commutation  providing  stable 
reproduction  of  contact  resistance  at  the  level  of  (1-2)  •  lO'®  f2  cm^ 
was  developed.  It  allows  one  to  use  relatively  short  TE  legs  with 
increased  cooling  capacity  without  a  significant  reduction  of  the 
attainable  temperature  difference.  At  the  same  time  the  antidifiusion 
protection  of  contacts  and  possibihty  to  use  a  wide  variety  of 
standard  solders  are  provided. 

In  making  cascade  coolers  the  solder  with  melting  point  of 
240  “C  was  used.  Coolers  were  soldered  to  other  parts  of  the  TCD 
construction  with  the  hdp  of  tin-lead  solder,  so  the  safe  operation  of 
the  assembly  was  provided  up  to  the  temperature  of  180  “C. 
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I  Cl)  construction 


The  TCD  constniction  is  given  in  Figure  4  Tiie  main  parts  of  TCD 
are  the  TIZ  cooler,  the  casing  with  a  laser  emitter,  the  heat  sink  and 
the  thermal  insulation. 

Fig.  4  TCD  construction 


The  TE  cooler  is  made  of  two  similar  two-cascade  modules 
MK  1 18-56(0.8),  placed  symmetrically  on  both  sides  of  the  laser's 
casing.  Their  construction  characteristics  are  given  below: 


hot  side  dimensions,  mm  -  12x12 

cold  side  dimensions,  mm  -  8x8 

height,  mm  -  3.8 

number  of  TE  legs  in  cascades  -  118  and  56. 


The  modules  are  collected  into  a  single  unit  with  the  help 
of  a  cylindrical  copper  insert.  A  borehole  device  contains  a  set  of  ten 
TCDs  installed  coaxially  in  the  single  cylindrical  housing. 


Test  results 

Ten  TCD  samples  for  thermostatting  semiconductor  laser  emitters 
ILPN  203-1  are  made  on  the  basis  of  developed  cooling  modules. 
When  testing  the  samples  were  installed  in  a  borehole  device  model 
whose  temperature  was  kept  by  a  thermostat  at  the  level  of  120  °C. 

Experimental  results  are  given  in  Table  2.  Calculated  data 
are  given  ibidem  for  comparison. 


Table  2.  Comparison  of  calculated  parameters  with  test  results 


TCD 

Calculated 

Experimental  values 

Parameter 

value 

range  tor  ten  samples 

Housing  temperature,  “C 

120 

120 

Laser  temperature,  °C 

40 

40 

Heat  sink  temperature,  “  C 

124.6 

124-127 

Optimal  current,  A 

0.8 

0.78  -  0.80 

Voltage,  V 

13.9 

14.0-14.6 

Power,  W 

11.1 

10.9-11.7 

It  is  seen  that  the  accepted  method  of  research  provides 
practically  complete  coincidence  of  theoretical  prediction  with 
expenmental  results. 


The  most  important  characteristic  of  a  borehole  device  is 
reliability  and  stability  of  its  parameters.  In  this  connection  safe 
operation  tests  of  the  TCD  in  the  housing  of  the  borehole  device 
were  undertaken  at  Tg=120  °C. 

Tests  were  carried  out  in  thermal  cycling  mode  by  turning 
TE  cooler  on  and  off  (16  hour's  operation,  8  hour’s  interval).  There 
were  23  cycles  in  all  with  total  duration  of  558  hours,  out  of  them 
368  hours  of  running. 

By  the  end  of  safe  operation  tests  the  TCD  retained  the 
serviceability  and  its  parameters  met  the  specified  requirements. 
However,  during  the  whole  period  of  testing  a  slight  drift  of  cooler's 
parameters  was  observed  (Figure  5).  Electrical  resistance  increased 
insignificantly  (not  more  than  by  2%).  For  all  that  the  greatest  rate 

Fig.  5  The  change  of  TE  cooler  parameters  when  testing  in  thermal 
cycle  operation: 

•  -  AC  resistance; 

O  -  Current  needed  to  maintain  the  laser  at  40  °C. 
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of  increaang  took  place  in  the  first  ten  cydes,  later  on  the  cooler's 
resistance  remained  practically  unchanged.  A  sharper  increase  (by 
15%)  was  observed  for  the  feed  current,  which  is  necessary  to 
maintain  the  laser  spedfied  temperature  Tg=40  °C. 


Operation  at  higher  temperatures 

Two  reasons  funder  one  to  develop  a  TCD  on  higher  temperatures: 
heat  load  on  the  cooler  increases  and  at  the  same  time  its 
thermoelectric  characteristics  become  worse.  The  temperature  level 
of  120  “C  is  cntical  for  extruded  materials  used  in  the  present  work. 
The  further  temperature  increase  causes  a  sheirp  reduction  of  their 
thermoelectric  effidency,  indicating  that  the  material  is  becoming 
intrinsic.  As  a  result  the  thermal  conductivity  increases  considerably 
due  to  ambipolar  diftusion,  thermo-EMF  decreases  and  hence 
thermoelectric  figure  of  merit  reduces  catastrophically. 

In  this  connection  Czochralski  grown  single  crystals  of 
solid  solutions  of  Bi  and  Sb  chalcogenides  with  Z  parameter 
maximum  shifted  to  about  100  °C  (Figure  3,  relationships  2)  were 
used  to  develop  TCD  on  extremely  high  temperatures. 

As  it  was  in  the  previous  case,  the  cooler  is  made  in  the 
form  of  two  similar  two-cascade  modules,  each  one  containing  52 
TE  legs  in  the  low-temperature  cascade  and  1 18  legs  in  the  high- 
temperature  cascade.  Due  to  higher  electrical  conductivity  the  TE 
leg  optimal  hdght  becomes  1.5  mm.  As  for  the  rest,  the  TCD 
construction  is  quite  identical  to  the  previous  variant. 

Testing  results  are  given  in  Figure  6  in  the  form  of  T^^  on  T^ 
dependence.  It  is  seen  that  the  condition  T„<40  “C  is  valid  up  to 
T^-135  °C.  If  the  light-emitting  diode  ILPN  301-1,  retaining 
serviceability  at  Tg=60  °C,  is  used  instead  of  the  laser  emitter,  the 
device  operation  is  posable  at  borehole  temperatures  up  to  155  °C. 


Fig.  6  Dependence  of  the  laser  temperature  on  the  borehole 
temperature  when  using  TE  cooler  on  single  crystals 
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Summary 

I  he  use  of  TE  cooling  provide  safe  operation  of  semiconductor 
lasers  under  extreme  temperature  conditions,  in  particular,  when 
working-up  deep  boreholes  of  the  Earth, 

Particular  difficulties  of  TCD  development  for  such  uses 
are  caused  by  the  necessity  to  build  them  into  the  standard  housing 
of  the  borehole  device  It  defines  an  increased  heat  load  on  the 
cooler  with  rigid  re.stnctions  of  its  dimensions 

I'he  attainable  depth  of  cooling  depends  on  the  TE  quality 
of  applied  semiconductor  matenals  When  extruded  matenals  are 
used  it  is  possible  to  maintain  the  laser  temperature  ai  the  level  of 
40  “E  at  the  borehole  temperature  of  120  “D,  The  use  of  single 
crystals  of  solid  solutions  of  bismuth  and  antimony  chalcogerades 
optimally  doped  for  the  temperature  level  of  about  100  °C  makes  it 
possible  to  raise  this  limit  to  13.5  °C.  .For  light-emitting  diodes 
retaining  their  .serviceability  at  1^^  60  °C  the  device  operation  is 
possible  at  borehole  temperatures  up  to  1.55 

To  provide  acceptable  resource  of  TCD  operation  at 
increased  temperatures  it  is  necessary  to  combine  anhdiffusion 
protection  ot  contacts  and  the  use  of  higb-temperature  solders  I  h: 
developed  technology  provides  thermal  stability  of  coolers  up  i 
240  “C  and  the  stable  reproduction  of  contact  resistance  at  the  level 
of  (1-2)  ■10-'^  D  enr 
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A  NOVEL  THERMALLY  -  DRIVEN  THERMOELECTRIC  HEAT  PUMP 


Yuji  Nakahara,  Atsushi  Tsutsumi  and  Kunio  Yoshida 
Department  of  Chemical  System  Engineering,  The  University  of  Tokyo,  Tokyo  1 1 3,  Japan 


A  novel  concept  of  a  thermally-driven  heat  pump  consisting  of  a  combination  of  two  different  thermoelectric  devices  has 
been  proposed.  One  thermoelectric  device  generates  electricity  from  waste  heat,  the  current  thus  generated  being  used  by  the 
other  device  to  pump  heat.  The  system  of  a  thermally-driven  thermoelectric  heat  pump  has  a  simple  structure  and  is  compact 
because  there  is  no  need  to  integrate  thermoelectric  elements.  The  design  and  simulation  of  a  car  air-conditioning  sptem 
using  a  thermally-driven  thermoelectric  heat  pump  have  been  earned  out.  To  optimize  the  power  density  and  energy  efficiency, 
a  new  guideline  for  developing  thermoelectric  materials  has  been  derived  based  on  the  heat  transfer  resistance.  It  has  been 
found  that  the  key  to  improving  the  output  power  density  of  thermoelectric  device  is  to  reduce  the  thermal  conductivity. 


Introduction 

Heat  pumps,  which  can  transform  heat  at  low  temperature  to  a 
higher  temperature  has  aroused  much  interest  because  of  its  great 
potential  for  saving  energy  in  industry.  Practical  heat  pumps  using 
thermoelectric  devices  are  built  with  a  number  of  elements  in  series 
electrically  and  in  series  and  parallel  thermally.  Compared  with 
conventional  mechanical  and  chemical  heat  pumps,  a  thermoelectric 
heat  pump  made  from  the  junction  between  n-type  and  p-type 
semiconductors  has  significant  advantages; 

-  it  is  noiseless 

-  it  is  maintenance  free 

-  it  can  be  designed  for  a  wide  range  of  temperature  by  using 
appropriate  combination  of  materials 

However,  there  are  several  disadvantages  including  low 
conversion  efficiency  and  high  production  cost.  The  high  production 
cost  is  due  to  the  complicated  serial  connections  of  the  p-n  Junctions 
that  enable  the  device  to  operate  at  a  useful  voltage  and  current.  It  is 
necessary  to  develop  a  system  that  can  compensate  for  these 
disadvantages  and  be  marketed  commercially. 

Here,  a  new  thermoelectric  heat  pump  concept  is  proposed, 
which  is  driven  only  by  waste  heat.  The  outline  of  the  system  is 
shown  in  Fig.  1.  The  system  is  a  combination  of  two  different 
thermoelectric  devices.  One  thermoelectric  device  is  used  as  a 
thermoelectric  generator,  which  converts  the  waste  heat  into  electricity. 
By  introducing  the  generated  DC  electricity  into  the  other 
thermoelectric  device,  heat  can  be  pumped  up  from  a  low  temperature 
source  to  a  higher  temperature  and  used  for  heating  or  cooling. 

Since  this  system  is  driven  by  waste  heat,  the  conversion 
efficiency  of  the  system  is  not  as  important  as  if  it  were  driven  by 


valuable  energy.  For  a  thermally-driven  heat  pump  system,  high 
output  power  density  and  compactness  would  be  more  important  than 
the  conversion  efficiency.  In  a  thermally-driven  thermoelectric  heat 
pump,  the  output  power  generated  by  one  thermoelectric  device  is 
directly  introduced  into  the  other  device.  Therefore,  there  is  no  need 
to  increase  the  voltage  by  serially  connecting  the  p-n  junctions.  A 
simple  layer  of  p-type  or  n-type  thermoelectric  material  can  be  used 
as  a  generator  device  or  heat  pump  device.  This  leads  to  a  simple 
structure  and  compactness  using  an  innovative  yet  inexpensive  process 
of  thermoelectrical  material  production. 

For  mechanical  heat  pump  systems,  the  temperature  in  the 
condenser  and  the  evaporator  is  constant.  On  the  other  hand,  in 
thermoelectric  heat  pump  systems  the  temperature  decreases  along 
the  exothermic  side  of  the  thermoelectric  film  and  increases  along 
the  endothermic  side  as  shown  in  Fig.  2.  This  leads  to  relatively  higher 
COP. 

In  addition,  the  heat  source  temperature  which  can  be  recovered 
by  a  mechanical  heat  pump  depends  on  the  boiling  temperature  of  the 
working  fluid.  Therefore  multi-stage  arrangements  which  have 
different  operating  temperatures  are  required  to  utilize  the  waste  heat 
over  a  wide  range  of  temperature.  On  the  other  hand,  thermoelectric 
heat  pump  systems  can  take  advantage  of  the  cascade  utilization  of 
waste  heat  because  thermoelectric  materials  function  over  a  wide 
temperature  range. 

In  this  paper,  a  conceptual  design  and  simulation  of  a  thermally- 
driven  thermoelectric  heat  pump  for  a  car  air-conditioning  system 
using  commercial  thermoelectric  devices  was  carried  out.  The 
performance  of  thermoelectric  devices  for  thermally-driven 
thermoelectric  heat  pumps  considering  film  heat  resistance  between 
the  heat  source  and  device  surface  was  then  studied. 
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Figure  1  Conceptual  diagram  of  a  thermally-driven  thermo¬ 
electric  heat  pump. 


Figure  2  Temperature  variation  in  a  system  of  two-stage 
mechanical  heat  pumps  and  thermoelectric  heat  pumps. 
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Car  Air-Conditioning  System 

A  themoelectric  heat  pump  for  a  car  air  cooling  system  driven 
by  engine  heat  was  simulated.  The  cooling  load  was  designed  to  be 
4kW,  with  a  refrigerant  temperature  from  1 2°C  to  7°C  and  a  cooling 
water  heat  sink  temperature  of  47°C  at  the  inlet.  The  engine  exhaust 
temperature  was  assumed  to  a  constant  530°C  . 

The  schematic  diagram  of  the  system  is  shown  in  Fig.  3. 
Electricity  is  generated  between  the  exhaust's  high  temperature  and 
the  cooling  water  by  the  generating  module.  This  DC  electricity  is 
introduced  into  the  cooling  thermoelectric  module  which  cools  the 
refrigerant  from  1 2°C  to  7°C  .  The  cooling  water  flows  through  the 
cooling  module,  then  through  the  generating  module,  and  is 
subsequently  pumped  back  to  the  radiator. 

The  physical  properties  of  the  commercial  thermoelectric 
device  (FUJITAKA,  TECI- 12703)  used  for  both  generating  modules 
and  cooling  modules  are  shown  in  Table  1 . 

The  cross  section  of  the  duct  for  the  heat  source  fluid  was 
designed  to  be  a  rectangle  10mm  x  50mm.  For  simplicity,  the  heat 
source  fluid  was  assumed  to  be  water,  with  a  flow  rate  of  300  ml/s. 
The  heat  transfer  coefficient  was  calculated  as  approximately  2000 
W/K  m^  [1],  The  simulation  was  carried  out  so  that  the  thermal 
efficiency  (ratio  of  cooling  heat  to  inlet  exhaust  heat)  would  be 
maximized. 


( 850  modules  )  (  700  modules  ) 


Figure  3  Car  Air-Conditioning  System  using  a  thermally- 
driven  thermoelectric  heat  pump. 


The  results  are  shown  in  Table  2.  The  total  thermal  efficiency 
was  T]  -  0.03 1 .  The  size  of  the  system  designed  was  approximately  a 
50  cm  cube,  which  is  feasible. 


Theoretical  Analysis  of  a  Thermoelectric  Device  Considering  Film 
Heat  Resistance 

Figure  4  shows  the  temperature  profile  of  a  thermoelectric 
device  considering  film  heat  resistance.  Assuming  that  the  heat 
transfer  coefficient  h  is  the  same  on  both  hot  and  cold  sides  of  the 
thermoelectric  device,  the  heat  transfer  rate  across  the  surface  of  each 
side  can  be  written  as 

,2 

Q,-Ah{n-nj)~anji-~+ katj  ( i ) 


Q,^Ah{T,j-T,)-aT,jI  +  ~  +  KATj  (2) 

By  obtaining  Thj  and  Tcj  from  Eqs.  1  and  2,  the  temperature  difference 
across  the  two  sides  of  the  thermoelectric  device  can  be  shown  as 


„  -[Ah]AT+lAhaIT„,  +  arI^ 

ATj  =  T,  j  -  -  (3) 

a^f-[Ah]  -lAhK 


Assuming  that  the  square  of  the  dimensionless  component  : 
negligible  because  «1,  Eq.  3  is  reduced  to 


AT-2T„ 


AT, 


fo/] 


1  -I- 2 


JL 

Ah 


(4) 


The  power  output  is  given  by 

Pg^Qn-Qc-aATj! -rl^ 

Substituting  Eq.  4  into  Eq.  5  gives 

^  aATI-Jrf 
”  n 


(5) 


(6) 


Table  1  Physical  properties  of  the  device 

Seebeck  coefficient,  a 

200  uV/K 

Conductivity,  a 

1x10^  S/m 

Thermal  conductivity,  k 

1.5  W/m  K 

Figure  of  merit,  Z 

0.0026  K ' 

Table  2  Simulation  results 

Generation  module 

850  modules 

Heat  input  (exhaust),  Qh 

130kW 

Generated  electricity,  Pg 

13  kW 

Generation  efficiency,  Pg  JQh 

0.10 

Heat  transfer  area,  A 

1.36  m^ 

Size  . 

40  cm  X  40  cm  X  26  cm 

Cooling  module 

700  modules 

Heat  pump  efficiency,  Qc  /Pg 

0.31 

Heat  transfer  area,  A 

1.12  m^ 

Size 

40  cm  X  40  cm  X  21  cm 

The  thickness  of  each  module  is  30  mm. 


Figure  4  Heat  flow  and  temperature  profile  considering 
film  heat  transfer  resistance. 


where 
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”  =  >  +  27^ 

7-2  K  +  1 

L  n 

Considering  that  Pg  is  a  function  of  only  I ,  has  a  maximum  of 


To  maximize  the  value  of  Pg,  it  is  required  to  minimize  component 


L  [mm] 


Figure  6  Temperature  profile  of  thermoelectric  device. 


Taking  L  as  a  variable,  this  component  can  be  minimized  when  L  is 


Thus,  there  is  an  optimum  device  thickness  to  maximize  the  output 
power  density.  The  optimum  thickness  is  found  to  be  proportional  to 
the  thermal  conductivity  and  inversely  proportional  to  the  heat  transfer 
coefficient. 

From  the  point  of  view  of  material  conservation  and  making 
the  system  light,  it  is  desirable  to  make  the  thermoelectric  device 
thin.  Therefore,  because  Z  is  nearly  constant,  it  is  essential  for  the 
proper  design  of  the  thermoelectric  heat  pump  to  use  thermoelectric 
materials  with  low  thermal  conductivity. 


L  [  mm  ] 


Figure  7  Maximum  output  power  against  device  length. 


Measurements  of  Lopt 

To  confirm  the  validity  of  Eq.  8,  maximum  output  power  of  a 
thermoelectric  device  was  measured.  Four  p-type  Si-Ge 
thermoelectric  devices  (9  mm  x  10  mm)  of  0.9,  1.1,3  and  6  mm 
thickness  were  used.  The  thermoelectric  properties  are  listed  in  Table 
3. 

The  experimental  apparatus  is  shown  in  Fig.  5.  In/Ga  alloy 
was  applied  to  each  side  of  the  device  and  connected  to  a  copper  rod 


Table  3  Thermoelectric 
Seebeck  coefficient,  a 
Conductivity,  cr 
Thermal  conductivity,  k 
Figure  of  merit,  Z _ 


erties  of  thermoelectric 
140x  lO'^V/K 
4.7  X  10"  S/m 
5.0  W/m  K 
1.2  X  10'^  K  ' 


of  10  mm  OD  and  50  mm  in  length.  A  plate  heater  was  placed  against 
each  rod,  and  the  temperature  between  the  rod  and  heater  was 
controlled  to  be  constant  by  a  CA  thermocouple  and  temperature 
controller.  Maintaining  the  hot  and  cold  sides  at  Th  and  7c- , 
respectively,  the  power  output  of  the  device  was  obtained  from  the 
voltage  drop  in  the  thermoelectric  device  measured  galvanostatically 
using  a  galvanostat.  The  maximum  power  output  was  obtained  by 
changing  the  current. 

Figure  6  shows  the  result  of  the  temperature  profile.  It  can  be 
seen  that  the  temperature  difference  between  each  side  of  the 
thermoelectric  device  increases  with  increasing  thickness  of  the  device. 
The  maximum  output  power  was  plotted  against  the  thickness  in  Fig. 
7.  It  can  be  seen  that  the  maximum  output  power  was  maximum  at 
the  calculated  optimized  thermoelectric  device  thickness. 

Theoretical  Analysis  of  Conversion  Efficiency 

The  conversion  efficiency  was  calculated  by  considering  the 
heat  transfer  resistance.  For  the  sake  of  simplicity,  it  is  assumed  that 
the  tempterature  difference  on  each  side  of  the  thermoelectric  device 
was  the  same: 

Th  -  Thj  =  Tcj  -  Tc 
Thj  can  be  then  written  as 


Figure  5  Experimental  apparatus. 


considered.  The  key  to  utilizing  this  thermally-driven  thermoelectric 
heat  pump  is  to  develop  a  inexpensive  process  that  can  produce  low 
thermal  conductivity  thermoelectric  materials. 


Ihc  conversion  efficiency  can  be  defined  as 


By  substituting  Eq.  9  into  Eq.  1 ,  combination  of  Eqs.  1  and  5  gives 
aT,,I~J^~  +  KAT 

By  taking  /  as  a  variable,  the  maximum  conversion  efficiency  is 
obtained  as 


^(max) 


X 


1 


2T 


nx+T,„zrf+T, 


(11) 


Since  ZJJ  is  the  only  parameter  other  than  temperature,  a  new  figure 
of  merit  can  be  defined  by 


z'-z/y  = 


_ (fjt _ 

Kp^^2f{T„,Z+\)  +  h 


(12) 


For  conventional  thermoelectric  devices  the  value  of  TmZ  can  be 
assumed  to  be  I .  Hence,  Eq.  1 2  is  reduced  to 


Z  = 


h 


4  Kp 


!< 

L  4 


(13) 


For  small  L  ,  Eq.  13  can  be  reduced  to 

=  (14) 

4k^P 

Thus,  Z’  is  inversely  proportional  to  k\  This  means  that  the 
performance  of  thin  thermoelectric  device  depends  significantly  on 
(  the  value  of  k  . 


Conclusions 

A  new  concept  of  a  thermally-driven  thermoelectric  heat  pump 
has  been  proposed,  which  is  a  combination  of  two  different 
thermoelectric  devices.  One  device  is  used  as  a  thermoelectric 
generator,  which  converts  the  waste  heat  into  electricity.  By 
introducing  the  generated  DC  electricity  into  the  other  thermoelectric 
device,  heat  can  be  pumped  up  from  a  low  temperature  source  to  a 
higher  temperature.  Since  there  is  no  need  to  increase  the  voltage  by 
serially  connecting  the  p-type  and  n-type  thermoelectric  materials, 
the  production  cost  can  be  low,  which  has  hitherto  been  one  of  the 
major  barriers  against  commercial  marketing  of  a  thermoelectric 
device. 

Design  and  simulation  for  a  car  air-conditioning  system  using 
a  thermally-driven  thermoelectric  heat  pump  was  carried  out  in  this 
study.  It  was  estimated  that  a  compact  thermoelectric  heat  pump 
system  of  50  cm  cube  could  produce  4kW  of  cooling. 

To  optimize  the  power  density  and  energy  efficiency,  a  new 
guideline  toward  developing  thermoelectric  materials  was  derived 
based  on  the  heat  transfer  resistance  between  the  heat  source  and  the 
thermoelectric  device.  It  was  found  that  the  optimum  thickness  of  a 
thermoelectric  device  is  proportional  to  the  thermal  conductivity.  This 
indicates  that  if  a  thin  device  is  used  in  order  to  minimize  the  quantity 
of  device  material  and  make  the  device  light,  low  thermal  conductivity 
is  desirable. 

Regarding  the  conversion  efficiency,  a  new  figure  of  merit 
was  introduced,  which  is  inversely  proportional  to  the  square  of 
thermal  conductivity  when  designing  the  device  under  1mm  thick. 
The  decrease  in  thermal  conductivity  has  more  influence  than  when 
film  heat  resistance  between  the  heat  source  and  device  surface  is  not 
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Nomenclature 

A  device  area,  m^ 

h  heat  transfer  coefficient,  W/K  m^ 

I  current,  A 

J  parameter  in  Eq.  6 

K  thermal  conductance  (  -  kAIL),  W/K 

L  device  thickness,  m 

Lupi  optimum  device  thickness,  m 

n  parameter  in  Eq.  6 

Pg  power  output,  W 

Qc  exothermic  heat  on  cool  side  surface,  W 

Qh  endothermic  heat  on  hot  side  surface,  W 

r  resistance  (  -  p  LIA),  QJrrP 

Tc  Cool  heat  source  temperature,  K 

Th  Hot  heat  source  temperature,  K 

Tcj  Cool  side  surface  temperature,  K 

Thj  Hot  side  surface  temperature,  K 

7m  average  temperature  of  Th  and  Tc  ,  K 

Tmj  average  temperature  of  Thj  and  Tej  ,  K 

Z  Figure  of  merit  (  -  cF/p  /c ),  K  ' 

Z'  Figure  of  merit  considering  film  heat  resistance,  K  ' 

Greek  symbols 

a  Seebeck  coefficient,  V/K 

AT  temperature  difference  of  hot  and  cool  heat  source 

(  -  7*  -  Tc),  K 

ATj  temperature  difference  of  hot  and  cool  side  of  device 
{■-Thj-Tcj),K 

K  thermal  conductivity,  W/K  m 

p  resistivity,  m 

77  thermoelectric  conversion  efficiency  (  -  Pg  IQh  ),  - 
References 

[  1  ]  Kagakukougaku  Kyoukai,  Kagakukougaku  Binran,  Tokyo,  Japan, 
1988,  334p. 


478 


Thermoelectric  regulation  for  electric  cabinets 

J.M.  Redondo,  J.M.  Sanchez*,  I.  Pascual*  &  G.  Noriega 

G.D.F.  Departament  de  Ftsica  Aplicada.  Universitat  Politecnica  de  Catalunya.  Barcelona. 

*  BEROTZA,  Pamplona,  Navarra,  Spain. 

We  describe  industrial  applications  of  thermoelectric  cooling  using  a  numerical  model  of  thermoelectric  calculations  forcomplex 
systems.  The  study  of  a  thermoelectric  system  depends  non-linearly  on  the  heat  transfer  properties  of  both  the  hot  and  cold 
side,  for  example  the  efficiency  of  the  Thermoelectric  cells  is  highly  dependent  on  the  temperature  gradients  across  the  module. 
The  effect  of  both  internal  and  external  turbulence  on  the  heat  exchangers  has  to  be  studied  with  care  if  a  good  design  is  to  be 
developed.  An  example  of  practical  applications  are  also  presented,  comparing  the  numerical  predictions  and  the  experimental 
behaviour  of  the  prototype. 

One  of  the  main  conclusions  is  that  providing  an  optimal  thermal  balance  on  the  hot  side  heavily  outweights  increasing  the 
number  or  power  of  thermoelectric  modules  in  most  applications. 


1.  Introduction 

In  the  design  of  complex  thermoelectric  applications,  it  is  very 
usefull  to  have  a  detailled  knowledge  of  the  behaviour  of  the 
system  before  actually  building  a  prototype.  With  this  aim  in 
view  a  series  of  computer  programs  have  been  coupled  so  as 
to  give  a  interactive  system  of  analysis. 

The  program  works  under  an  extensive  menu  of  applica¬ 
tions,  ranging  from  the  very  simple,  predesign  of  the  thermo¬ 
electric  application,  to  the  more  complex  thermodinamic  and 
hydrodynamic  programs,  which  predict  the  temperature  fields 
under  different  boundary  conditions. 

The  main  modules  of  the  program,  which  takes  advantage 
of  the  interactive  capabilities  of  MCAD,  using  ,a  symbolic  al¬ 
gebraic  system  are:  Predesign  of  system,  including  heat  bal¬ 
ance  and  design  limitations.  Calculation  of  effective  power 
of  Thermoelectric  cells  and  minimum  number  of  modules. 
Full  iterative  design  of  Conductive,  Convective  and  Radiative 
heat  losses.  Calculations  of  Electric  parameters  for  maximum 
C.O.P.  and  maximum  cooling  and  Calculations  of  optimum 
insulation. 

In  the  final  stages  of  the  design  of  the  hot  and  cold  heat 
exchangers,  a  more  complicated  prograr.  is  used  to  investi¬ 
gate  the  following  aspects:  Transient  behaviour.  Effects  of 
buoyancy  and  thermal  equilibrium  and  Thermal  control  and 
stability.  This  has  been  used  to  design  the  standard  TE  forced 
air  heat  pump  for  electric  cabinets,  Figure  1. 


Figure  1: 

In  section  2  we  show  the  capabilities  of  the  model  and  in 
section  3  some  details  of  the  hydrodinamic  codes  are  given. 
Some  experimental  results  are  given  and  finally  the  discussion 


and  conclusions  are  drawn. 

2.  Heat  transfer  modules  used  in  the  numeri¬ 
cal  model 

For  a  detailed  analysis  of  the  heat  exchanges  in  the  applica¬ 
tion,  which  in  turn  will  be  used  to  estimate  the  number  of 
TEC’s  needed  in  the  application  the  Conduction,  Convection 
and  Radiative  losses  have  to  be  calculated.  In  convection  the 
following  relation  is  used;  Q  =  hAAT  where  h  is  the  con- 
vective  heat  transfer  coefficient  and  A  the  area  of  exchange. 
The  Nusselt  number,  Nu,  rela-tes  the  thermal  loss  by  convec¬ 
tion  from  a  wall  to  the  conductive  losses  by  the  same  material 
across  a  lenght  L.  so  that  the  unit  area  flux  is  Q  =  hAT,  and 
Nu  =  —  The  Stanton  number  determines  the  vertical  heat 
flux  at  a  fluid  of  specific  heat  Cp  flowing  at  a  speed  v  paralel  to 
the  wall  with  a  difference  of  temperature  AT.  St  — 

The  Prandtl  number  is:  Pr  =  vf  k  and  Nu  —  Re  .  St  .  Pr 
Grashof  number  is  similar  to  Rayleigh’s, 


and  Gr=^. 

Some  of  the  empirical  relationships  used  in  the  programm 
are:  For  forced  convection  in  a  turbulent  flow  (Re  >>>) 

Nu  =  0.023Re°®Pr°'‘ 

For  Laminar  convection  in  tubes  of  diameter  D  and  length  L 
Nu  =  ]..&2{RePr^Y'^ 

JU 

For  Natural  convection  on  a  vertical  wall: 

Nu  =  0.f,2Gr^^'^Pr^/'^ 

and  for  turbulent  narural  convection  in  gases  {Re  »>)  : 

Nu  =  0.nGr^/^Pr^/^ 

Radiation  and  Conduction  losses  are  also  calculated  in  a  stan¬ 
dard  wav  Isachenko  et.  al  (1979). 


3.  Cooling  and  energy  conversion  with  ther- 
moelectronic  devices 

Thermoelectic  devices,  developed  since  Seebeck  and  Peltier  ef¬ 
fects  were  discovered  in  1822  and  1834,  the  advances  of  tech¬ 
nology  that  make  feasible  the  comercial  uses  of  thermoelec- 
tronic  cooling  has  taken  a  long  time.  Some  technical  and 
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scientifical  applications  of  thermoelectric  cooling  will  be  dis¬ 
cussed  below,  for  further  references  see  De  Groot(1968),  Rowe 
and  Bandary  (1984).  Thermoelectronic  cooling  has  been  feasi¬ 
ble  for  many  practical  applications  since  the  studies  of  Telkes 
in  the  30’s  and  of  Ioffe  in  1956,  The  new  semiconductor  mate¬ 
rials  allowed  much  higher  efficiencies.  Telkes  used  couples  of 
PbS  y  ZnSb  and  Ioffe  discovered  the  use  of  of  PbTe  y  PbSe. 
Higher  efficiencies  are  obtained  with  semiconductores  of  the 
n-type  of  PbTe  and  p-type  BiTe-SbTe. 

In  a  practical  thermoelectric  design,  after  the  thermal  loads 
have  been  calculated,  the  optimum  Intensities  and  voltages 
may  be  found  using  the  local  heat  balances  between  both  sides 
of  the  TEC.  The  heat  produced  on  the  hot  side  p  is  Qj  = 
S  Ti  I  where  Ti  is  the  hot  side  temperature,  S  the  Seebeck 
coefficient  and  I  is  the  intensity  of  the  electrical  current. 

Conversely  the  heat  absorbed  at  the  cold  side  is;  Q2  = 
S  T2  I,  where  T2  is  the  cold  side  temperature. 

Assuming  that  Joule  heating  flows  equally  to  both  sides 
of  the  TEC,  it  can  be  written  as:  Qj  —  0.5  P  R,  where  R 
is  the  resistance  of  the  semiconductors.  The  loss  of  heat  by 
conduction  across  the  TEC  is:  -  k.  (Ti  -  T2),  where  k 

is  the  thermal  conductivity  of  the  n  and  p  materials  taking 
account  of  the  length  and  area. 

The  absorbed  heat  at  the  cold  side  is  then:  Qnet  =  Q2~Qj~ 
Qc  and  the  hot  side  produceded  heat  is:  Qd  =  Qi  +  Qj  —  Qc- 
The  electrical  power,  by  the  1st  Thermodynamic  law  must  be 
then:  P  =  Qd-  Quet  =  S{Ti  -  Tj)  -f-  PR 

There  are  two  basic  ways  of  TEC  behaviour,  whithin  a  sys¬ 
tem,  a)  maximum  heat  transfer  and  b)  maximum  COP  (Coefi- 
cient  of  Performance).  The  first  way  may  be  found  by  derivat- 
ing  with  respect  to  I  and  equating  to  zero,  thus  Imax  = 

The  maximum  temperature  diference  may  be  found  substitut¬ 
ing 

^max  in  the  expression  of  the  net  heat  production. 

at  -  it  -  T  f  - 

R  K 

The  figure  of  merit  is  defined  as:  .^  =  For  a  system 
to  work  at  maximum  Coeficient  of  Performance,  COP,  it  is 
necessary  to  maximize  the  rate  between  the  net  transported 
heat  and  the  electric  power.  COP  =  which  may  be 
written  as: 

rrp  -  ~ 

RP  -t-  S(Ti  -T2) 

We  find  COPmar,  diferenciating  with  respect  to  the  inten¬ 
sity,  and  equating  to  zero,  this  maximum  corresponds  to  the 
intensity  Rap  that  may  be  expressed  as  Rop  -  o'.Is(tT+t) 

Q.bZ{Ti+T2)YP  +  l].  Using  R,p,  in  the  expresion  of  the  COP, 
we  find 

rnp  -  [i  +  0-5^(ri+r2)]^/^-ri/T2  T2 

[1 -b  o.5z(ri -f  r2)]i/2 -f  1  Ti-Ts' 

This  calculations  are  important  for  the  correct  design  of  a 
thermoelectric  system,  which  may  be  ajusted  to  work  either 
at  maximum  COP  or  at  maximum  cooling.  The  adjustment 
of  working  intensity  depends  on  the  use  of  the  application,  see 
Dominguez,  et.al  (1989,1991) 

A  detained  study  of  the  transients  is  difficult,  even  in  sim¬ 
plified  models  of  the  TEC,  constant  average  properties  of  the 
modules,  have  to  be  obtained  from  the  manufacturers,  such 
as  conductivities  and  resistences,  they  also  vary  with  tem¬ 
perature.  If  we  assume  a  constant  temperature  throughout 
the  TEC,  the  basic  diferential  equation  is  mc^  =  Q  —  Qnet 
where  T  is  temperature,  t  is  time,  Q  external  heat  and  Qc 


the  heat  pumped  by  the  TEC,  m  the  mass  of  the  TEC  and  c 
the  average  especific  heat  of  the  TEC.  Then 

dT  1 

^^~dt  ~  ~  ~ 

Simplifying  and  separating  the  variables  we  may  express  the 
equation  as 

dT  SI  +  K 

Tf, — Tp-  -  — - -dt 

1  —  ±0  me 

and  integrating  obtain 

T  =  (ro-T)  e-^‘+Tc 

The  term  is  often  called  temporal  constant,  but  we 

have  to  note  that  all  terms  are  temperature  dependent  and  will 
have  fixed  values  only  at  fixed  points  at  selected  temperatures. 
The  equations  for  the  hot  side  temperature  may  be  obtained 
in  the  same  way.  The  temperature  at  estacionary  state  T*  is 
given  by: 

m  _  “*3*  +  Q]  +  ,  rr. 

sTTk 

and  the  transient  temperature  is 

T^T,{Te-T,)  e-^  ‘ 

All  these  ecuations  are  proggramed  in  a  TEC  optimisation 
subrutine  that  may  be  used  after  the  external  heat  balance 
has  been  calculated  from  the  hydrodynamic  and  heat  transfer 
modules  of  the  program. 

4.  Hydrodynamic  calculations  used  in  the  nu¬ 
merical  model 

In  order  to  acurately  calculate  the  heat  exchange  under  con¬ 
vective  proceses  in  both  the  hot  and  cold  sides  of  the  TEC, 
more  complicated  finite  difference  programs  may  be  used.  The 
programs  are  written  in  FORTRAN  which  may  be  compiled 
in  a  PC,  but  for  good  grid  resolution  a  larger  computer,  such 
as  a  VAX  is  needed.  The  most  complicated  heat  transfer  pro¬ 
cesses  take  place  when  buoyancy  effects  are  important,  and 
then  it  is  usefull  to  define  the  Richardson  number  Ri  — 

pu  ’ 

where  g  is  la  gravity,  Ap  the  driving  density  difference,  p  the 
average  density  of  the  fluid,  £,  the  integral  scale  of  the  tur¬ 
bulence  and  ti'  the  r.m.s.  velocity  produced  by  turbulence. 
Other  parameters  described  above  are  also  important,  next  a 
brief  description  of  the  code,  based  in  Rees(1987),  Isachenko 
et.al(1979)  is  made.  The  detailled  flow  numerical  model  used 
in  convective  turbulent  environments  is  Large  Eddy  Simula¬ 
tion  (LES),  where  the  Boussinesq  time  dependent  equations 
are  integrated  in  a  twodimensional  grid,  as  an  example  we 
show  the  u  component  equation: 


5.  Examples  and  Discussion 

We  have  seen  the  various  modules  of  Thermodynamics,  Ther¬ 
moelectricity  and  fluid  dynamics,  all  of  which  define  a  complex 
application.  For  a  set  TEC,  the  limiting  factors  are  due  to  heat 
exchange  processes  in  the  Hot  and  cold  sides  of  the  system. 
Turbulent  flows  are  clearly  more  efficient,  and  a  good  prelim¬ 
inary  knowledge  of  the  flows  is  important.  The  effect  of  both 
internal  and  external  turbulence  on  the  heat  exchangers  has 
to  be  studied  with  care  if  a  good  design  is  to  be  developed. 
The  thermal  diferences  in  the  system  due  to  buoyancy  also 
need  to  be  taken  into  account.  The  experiments  were  done 
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using  an  array  of  micro-temperature  probes  with  a  transvers- 
ing  mechanism  that  allows  to  calculate  the  evolution  of  the 
thermal  profiles.  In  Figure  2  Hot  side,  cold  side  and  ambient 
temperatures  are  shown.  The  study  of  a  thermoelectric  sys- 


Figure  2: 

tern  depends  non-linearly  on  the  heat  transfer  properties  of 
both  the  hot  and  cold  side,  for  example  the  efficiency  of  the 
Thermoelectric  cells  is  highly  dependent  on  the  temperature 
gradients  across  the  module.  For  a  large  scale  electric  cabinet 
working  at  a  power  of  100  W  in  25  "C  ambient  temperature, 
stable  temperature  of  18  "C  is  obtained  after  about  1000  s.  see 
Figure  3  for  the  evolution  of  inner  and  outer  fan  temperatures 
of  the  cooler  shown  in  Figure  1. 

6.  Conclusions 

Providing  an  optimal  thermal  balance  on  the  hot  side  heavily 
outweights  increasing  the  number  or  power  of  thermoelectric 
modules  in  most  applications.  Thermal  control  adjusting  the 
flow  characteristics  of  the  hot  side  greatly  simplifies  most  pro- 
totipes  if  the  thermal  control  accuracy  does  not  need  to  be 
better  than  0.2  "C,  A  Predictive  Integrative  Derivative  OM- 
RON  temperature  controller  was  used  to  controll  the  fan  of 
the  hot  side  radiators,  after  the  initial  oscillations  of  the  pre¬ 
dictive  system,  the  stability  of  the  interior  temperature  was 
good,  in  spite  of  the  on-of  mode  of  connection.  Alternatively 
a  ramp  variable  intensity  or  voltage  regulator  has  been  used 
with  excellent  stability  results.  The  numerical  model  allows 
to  predesign  efficiently  most  thermoelectric  systems,  whith  a 
considerable  reduction  of  experimental  time,  specially  when 
the  heat  exchangers  have  to  be  custom  built. 
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THE  POTENTIAL  FOR  IMPROVED  CYCLE  EFFICIENCY  BY  COMBINING 
THERMOELECTRIC  COOLERS  WITH  VAPOR  COMPRESSION  CYCLES  IN  HYBRID  SYSTEMS 

Hylan  B.  Lyon  Jr.  and  James  Bierschenk 
Marlow  Industries  Inc. 

10451  Vista  Park  Road,  Dallas,  TX  75238-1645,  USA 

This  paper  identifies  the  potential  for  improving  the  cycle  efficiency  of  a  “Throttle  Cycle”  system  and  Joule  Thompson  by  the  incoiporation 
of  thermoelectric  devices  in  two  specific  locations  within  the  cycle.  The  combined  effect  of  a  hybrid  cycle  using  a  vapor  compression 
thermoelectric  system  is  to  increase  the  theoretical  cycle  efficiency.  Bismuth  Telluride  alloy  systems  are  proposed  for  the  high  temperature 
application  (Top  Cycle)  and  BiSb  High  Temperature  Superconductor  couples  are  proposed  in  the  cold  section  (Bottom  Cycle). 


Introduction 

The  hybridization  of  Vapor  Phase  Compression  cycles  and 
Thermo-electric  Cycles  is  one  pathway  to  the  achievement  of  a  low 
cost,  reliable  cryo-cooler  with  adequate  capacity  for  several  user 
communities.  This  paper  addresses  one  analytical  basis  for  this 
proposition. 

Review  of  basics 

The  thermal  efficiency  in  the  air-conditioning  and  refiigeration 
apphcation  fields  are  measured  by  several  term.  In  this  paper  we 
propose  the  measure  used  in  the  thermoelectric  field,  which  is  the 
Coefficient  of  Performance 

Coefficient  Of  Performance  = 

Heat  pumped 

Work  required  (1) 

COP  =  -i- 
W 


It  is  interesting  to  note  that  when  right  hand  term  of  equation  4 
converges  to  unity,  which  would  occur  when  ZT  approaches 
infinity,  that  the  COP  for  thermoelectrics  converges  to  the  COP  for 
the  Carnot  cycle. 

Historically,  the  Carnot  cycle  was  used:  to  develop  the  statement 
of  the  second  law  of  thermodynamics,  to  develop  the  concept  of 
entropy  and  to  demonstrate  that  entropy  is  a  state  variable. 

The  ZT  of  a  thermoelectric  device  composed  of  a  P-type  and  an  N- 
type  semiconductor  was  first  given  by  the  equation  of  Altenkirch'*, 
and  which  today  takes  the  form: 

ZT  = 

(Sij,  -  tty  fT  (5) 

./pTV  "  ^  ^nK  Y 


The  limit  of  efficiency  is  defined  by  the  Second  Law  of  Thermo¬ 
dynamics',  and  can  be  represented  by  the  Carnot  cycle^  This  cycle 
consists  of  an  isothermal  expansion,  an  adiabatic  expansion  ,  an 
isothermal  compression  and  an  adiabatic  compression. 


In  the  event  of  a  high  temperature  superconductor,  (T^  as  high  as 
1 20  K  are  possible)  used  as  the  P-type  leg  below  the  transition 
temperature,  the  Seebeck  coefficient  will  drop  to  zero  along  with 
Pp  leaving  only  the  themial  conductivity  A.„  as  a  contributing  factor 
in  the  equation. 


The  COP  for  a  Camot  Cycle  can  be  stated  in  terms  of  the  T^  and  T^ 
as: 


COP^ 


(2) 


In  similar  fashion  the  equations  for  COP  from  the  thermodynamic 
literature  can  be  stated  as: 


COP 


Thermoelectric 


2 


AT 


1 


(3) 


The  term  AT  can  be  stated  in  terms  of  the  material  properties 
ZT  and  the  maximum  and  minimum  temperatures^  as: 


in 


+  T. 


fZT  +  I  -  I 
fZT  +  1  +  1 


(4) 


If  one  looks  at  a  couple  composed  of  an  N-type  thermoelement  and 
an  HTS  leg  operating  below  the  T^  then  one  can  describe  the  heat 
q  pumped  by  this  couple  as: 


q  = 


aj’ 


cold 


1  -5  L 

J  ~  ±J^  p  -A 

2  "  A_ 


+ 


A 

^HTS 

hm 


AT 


(6) 


Equation  ( 6)  implies  that  in  the  superconducting  state  the  ZT  can 
be  written: 


ZT  = 


,  A  ^ 


Pn 


4  / 

‘HTS 


(8) 


If  one  assumes  that  in  the  majority  of  cases  /  „  =  then: 
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ZT 


„  I  1  ^^HTS  1 
Pn  I  +-J-  Vs 

Thus  we  suggest  that  to  optimize  the  thermoelectric  performance 
of  a  couple  composed  of  an  N-type  leg  and  an  HTS  leg,  the  thermal 
conductivity  of  the  HTS  and  its  cross  sectional  area  should  be 
minimized.  Fortunately  the  thin  film  formats  of  the  HTS  materials 
can  have  very  high  current  densities  opening  up  a  new  horizon  for 
these  devices  in  addition  to  the  past  use  of  HTS  as  a  leg  of  similar 
fcross  sectional  area  and  length  as  the  N-type  material. 


Option  One  -  The  Top  Cycle  hybridked  with  a  Joule  Thomson 
Cycle 

In  1 989  a  patent  issued*  concerning  the  augmentation  of  the  Joule- 
Thomson  cycle  by  using  a  plurality  of  thermoelectric  devices  for 
removing  heat  from  the  working  fluid,  this  is  a  good  example  of 
the.  By  this  process  the  power  input  to  a  closed  loop  J-T  cycle  was 
reduced  by  a  factor  of  4.5  bringing  it  nearly  into  power  parity  with 
Stirling  cycles.  Such  cycles  are  proposed  for  nitrogen,  neon  and 
helium  as  working  fluids.  The  pre-cooler  in  this  device  provides  a 
fluid  to  the  J-T  expansion  valve  1 00-200K  cooler  than  at  the  outlet 
of  the  compressor.  One  watt  of  cooling  at  77K  results  from 
providing  15  watts  to  the  thermoelectric  devices  and  30  watts  of 
power  to  the  compressor.  This  yields  a  COP  of  2.2%  which  is  a 
very  favorable  efficiency.  Carnot  efflciency  for  this  temperature 
difference  would  be: 


Multi-stage  cycles 

For  the  purposes  of  this  paper  we  shall  look  at  the  improvements 
in  overall  cycle  efficiency  of  real  vapor  compression  cycles  due  to 
hybridization  with  thermoelectric  devices.  We  shall  arbitrarily 
defined  by  the  following  temperatures; 


=  300  K 


‘  intermediate 


80  K 


=  72  K 


(S) 


The  Carnot  cycle  cannot  be  improved  upon  by  staging  but  “real” 
cycles  can.  We  know  the  fonnula  for  the  overall  efficiency  of  a 
multi-stage  cycle*. 


COP  = 


Three  Application  Options 

When  the  vapor  compression  cycle  is  operating  far  enough  from 
Carnot  efficiency,  it  is  possible  for  three  applications  of 
thermoelectric  cycles  to  yield  a  net  gain.  The  first  is  where  the 
thermoelectric  device  extracts  heat  from  the  gas  between  the 
compressor  outlet  and  the  expander  chamber.  I'he  second  is  where 
the  counter-flow  heat  transfer  from  the  high  pressui'e  gas  is 
accelerated  to  the  returning  gas  utilizing  a  thermoelectric  device  as 
an  augmenter.  The  third  is  used  as  a  2nd  stage  of  the  system.  All 
of  these  can  be  accomplished  with  a  net  gain  in  overall  efficiency. 
There  are  two  known  vapor  compression  systems  where  these 
situations  occur.  The  Joule-Thompson  cycle  when  approaching 
77K  and  the  mixed  gas  “Throttle”  cycle. 

Prior  Art 

Several  others  have  recognized  the  potential  of  thermo-electric 
devices  integrated  into  or  used  to  augment  the  efficiency  of  a 
specific  vapor  compression  cycle.  These  concepts  are  the  basis  of 
the  proposal  herein,  namely  that  there  are  conditions  under  which 
it  makes  perfect  sense  for  "competing  technologies"  to  hybridize 
for  the  benefit  of  both. 


COP, 


77 

300  -  77 


34.5% 


(11) 


Thus  we  propose  that  the  %  Camot  efficiency  of  even  this 
enhanced  J-T  cycle  is  so  low  that  it  is  a  candidate  for  enhancement 
tlirough  the  application  of  the  bottom  thermoelectric  cycle. 

Option  Two  -  The  Counterflow  Cycle 

Later  in  the  same  year  another  patent  was  filed’  which  utilized  the 
returning  cold  gas  to  dull  the  gas  returning  to  the  inlet  to  the 
expansion  valve.  The  gas  is  still  cold  enough  when  effl uxing  from 
the  return  to  cool  the  hot  side  of  the  thermoelectric  devices. 

Option  One  -  The  Top  Cycle  Hybridized  with  a  Mixed  Gas 
Throttle  Cycle 

The  mixed  gas  throttle  cycle*  can  be  augmented  to  improve 
efficiency  by  using  thermoelectrics  at  either  the  warm  end  or  cold 
end  of  the  mixed  gas  throttle  cycle  The  concept  of  using 
thcrmoelectncs  at  the  warm  end  of  a  throttle  cycle  heat  exchanger 
provides  opportunities  to  enhance  the  cooling  power  of  mixtures  by 
condensing  a  specific  component  or  eliminating  enthalpy 
imbalances  that  limit  the  available  cooling.  In  a  typical  example, 
with  8  W  of  heat  removed  by  thermoelectrics  at  the  heat  exchanger 
with  a  high  pressure  stream  at  270K,  overall  cycle  efficiency 
(including  the  increased  power  to  the  thermoelectrics)  increased 
from  28%  to  48%  for  a  cycle  cooling  to  86  K. 

Likewise,  incorporating  thermo-electrics  on  the  cold  end  provides 
temperatures  below  those  available  by  the  throttle  cycle  alone  as 
well  as  providing  improved  efficiency  and  temperature  stability. 
A  theoretical  approach  to  modeling  combined  thermoelectric  and 
vapor  compression  cycle  systems  was  proposed  by  Anatychuk'"  in 
1 994.  This  however  did  not  provide  an  easy  practical  method  of 
evaluating  when  thermoelectrics  should  be  used. 

Option  Three  -  A  Closer  Look  at  Bottom  Cycle  Feasibility 
If  we  assume  we  have  a  throttle  cycle  for  example,  operating 
between  a  hot  temperature  of  Th  and  a  cold  temperature  Tc,  when 
is  it  advantageous  to  add  thermoelectrics  on  the  bottom  side  (cold 
side)  in  order  to  improve  cycle  efficiency?  If  the  initial  cycle  COP 
of  the  tlirottle  cycle  is  COP^,  then  we  would  want  the  combined 
hybnd  (throttle  cycle  and  TEC)  cycle  efficiency  to  be  greater  than 
COPxc  ■  In  other  words: 
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COP,^  < 


1  + 


COP„ 


\ 

'  1 

-  1 

(12) 


72  K  would  need  to  be  greater  than 


COPj^  > 


.0007 


.0054  +  1 
.0054  -.0007 


(14) 


If  we  solve  for  00?.^^  to  determine  what  COP  is  needed  from  the 
TECs  in  order  to  realize  a  net  improvement  in  overall  system  COP, 
we  find  that: 


COP^  >  COP^c 


COP„^rc  -COP,, 


(13) 


where  COP^  is  the  initial  cycle  efficiency  and  COP,,,,,^  is  the  new 
COP  of  the  cycle  operating  at  reduced  Delta!  since  the  TEC  now 
is  "carrying"  a  portion  of  the  overall  Delta!. 

There  are  three  situations  which  can  exist  within  a  vapor 
compression  cycle  which  need  to  be  considered. 

Near  to  Carnot  Efficiency 

Ifthe  vapor  phase  compression  cycle  efficiency  is  near  the  Carnot 
efficiency,  then  incorporating  a  thermoelectric  cooler  operating  at 
much  less  than  Carnot  efficiency  to  carry  a  portion  of  the  system 
Delta!,  would  obviously  reduce  the  overall  system  efficiency. 
Thus  this  case  is  not  a  case  where  thermoelectrics  would  be 
utilized. 


Constant  Carnot  Efficiency 

If  vapor  phase  compression  cycle  is  operating  in  a  region  where 
COP  is  fairly  insensitive  to  the  Delta!,  then  the  term  in  the 
denominator  in  equation  13  will  become  quite  small.  This  will 
result  in  very  high  COP^fg  needed  in  order  to  provide  a  system  COP 
improvement.  This  case  occurs  if  the  COP  of  the  cycle  is 
approximately  the  same  whether  it  is  pumping  to  80  K  or  75  K  for 
example.  This  too  is  not  a  case  where  thermoelectrics  should  be 
incorporated. 

Changing  Camot  Efficiency 

The  only  case,  therefore,  where  thermo-electrics  added  to  the 
bottom  cycle  of  the  mixed  gas  throttle  cycle,  Stirling  cycle  or  any 
other  vapor  phase  compression  cycle  would  be  when  the  reduction 
in  Delta!  for  the  cycle  has  a  significant  impact  in  cycle 
performance.  In  this  case  the  term  in  the  denominator  of  equation 
13  becomes  large  resulting  in  a  reasonable  COPt^,  needed  to 
provide  a  net  improvement  in  system  COP.  1  his  case  provides  an 
ideal  example  of  where  thermoelectrics  can  be  utilized  to  improve 
overall  cycle  efficiency.  This  is  best  illustrated  in  the  following 
example. 

Sample  Calculations  for  Thermo-electrics  in  Bottom  Cycles 

Consider  a  mixed  gas  throttle  cycle  operating  from  300  K  to  72  K, 
At  these  temperatures,  the  mixed  gas  throttle  cycle  operates  at  a 
very  low  COP;  around  .0007  or  0.2%  of  Camot.  If  the  throttle 
cycle  were  to  operate  at  78  K  instead  of  72,  the  COP  would 
increase  to  around  .0054  or  1 .5%Camot.  Using  equation  1 3,  we 
find  that  the  COP  of  the  thermoelectrics  operating  between  78  and 


COPj,g  >  0.15 


in  order  to  realize  a  net  increase  in  system  cycle  COP.  Anticipated 
COPs  for  BiSb  n-type  thermoelectric  material  coupled  with  thin 
film  high  temperature  superconductor  passive  leg  should  be  in  the 
.4  to  .8  range  for  this  temperature  differential.  Thus,  in  this  ease, 
significant  improvements  in  system  COP  can  be  realized  by 
incorporating  thermoelectrics  on  the  bottom  end  of  the  mixed  gas 
throttle  cycle. 

To  carry  this  example  one  step  further,  we  might  ask  what  is  the 
desired  portion  of  the  overall  Delta!  that  the  thermoelectric  cooler 
should  cany  in  order  to  maximize  the  system  COP.  Neglecting  the 
interface  contact  resistances  and  thermal  conduction  losses  of  the 
hi^  temperature  superconductor.  Figure  1  illustrates  the  potential 
COP  improvement  for  both  single  crystal  BiSb  and  with  existing 
powder  formats  of  BiSb.  For  the  pressed  and  sintered  powder 
formats  of  BiSb  coupled  with  a  thin  film  HTS,  the  optimum  inner 
stage  temperature  is  78  K  resulting  in  an  overall  hybrid  system 
COP  of  around  .0016  (1.5%  Camot).  This  is  almost  a  130% 
improvement  in  system  COP  without  thermoelectrics  operating 
over  the  same  temperature  range. 
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Figure  1 


Hybrid  Cycle  COP 

Tcold  =  72K 


The  more  efficient  single  crystal  BiSb  coupled  with  a  thin  film  HTS 
provides  even  greater  COP  improvements.  The  optimum  inner 
stage  temperature  is  80  K  with  a  system  COP  of  .0026 
(2. 1  %Camot).  This  equates  to  a  250%  improvement  in  cycle  COP. 
The  difference  between  the  two  lines  represents  the  durability 
penalty  suffered  by  the  more  rugged  pressed  and  sintered  powder 
formats  of  the  BiSb  material. 
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Conclusions 

The  hybridization  of  vapor  phase  compression  cycles  and 
thermoelectric  cycles  is  one  path  to  producing  more  efficient, 
reliable  cryo-cooling  solutions.  Three  different  applications  of 
thermoelectrics  in  these  vapor  phase  compression  systems  can  be 
utilize  to  improve  overall  cycle  efficiency. 

Significant  improvements  in  cycle  efficiency  can  be  realized  for 
systems  having  vapor  phase  compression  cycles  operating  near 
their  maximum  DeltaT  as  in  the  mixed  gas  throttle  cycle  presented. 
Additional  work  is  required  in  order  to  realize  the  full  benefit 
available  from  these  hybrid  systems.  This  work  should  be  focused 
on: 


1 )  reducing  the  durability  penalty  suffered  in  the  powder  formats 
ofBiSb, 

2) optimizing  the  BiSb/HTS  device  fabrication  techniques 
incorporating  thin  film  HTS  to  minimize  the  thermal  conduction 
losses  through  the  HTS 

3)  optimizing  the  Vapor  Compression  cycle  performance  to  utilize 
this  new  cycle  efficiency  to  improve  reliability  (life  cycle  costs), 
reduce  acquisition  costs  and  increase  energy  efficiency. 
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SINGLE  S'i'ACiE  THERMOELECTRIC  COOLERS 
WITH  TEMPERA  TURE  DIFFERENCE  OF  80  K 
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^Thermion  Company,  Odessa,  270009,  Ukraine 

^A.  A.  Baykov  Institute  of  Metallurgy  HAS,  Moscow,  I J  7334,  Russia 

This  paper  represents  the  results  of  practical  embodiment  of  the  idea 
to  improve  a  thermoelectric  cooler  (TEC)  performance  by  using 
inhomogeneous  I'E  matenals.  The  limit  performance  of  a  TEC  with 
segmented  and  inhomogeneous  TE  legs  is  predicted  and  reproduced 
in  miraature  single  stage  TE  coolers,  having  value  in  the 

region  of  80  K. 


Introduction 

One  of  the  promising  possibilities  of  increasing  the  range  of 
attainable  temperatures  for  single  stage  TECs  is  the  use  of 
inhomogeneous  thermoelements  in  which  the  so-called  distributed 
Peltier  effect  occurs  [1],  The  distribution  of  thermo-EMF  along  the 
axis  of  such  TE  element  is  essential  which  absolute  value  must  be 
reducing  from  the  hot  junction  to  the  cold  one.  The  Peltier  heat  is 
absorbed  then  not  only  at  the  cold  junction  but  in  the  volume  of  a 
IP,  leg,  which  results  in  the  additional  temperature  reduction  as 
compared  with  a  standard  homogeneous  thermocouple  |2|, 

Ihis  paper  gives  the  results  of  practical  implementation  of 
this  idea  in  batch  production  of  TE  microcoolers.  The  problems 
connected  with  the  development  of  such  TECs  are  discussed, 
including  design  theory,  technology,  manufacturing  and 
characterization  of  TE  materials  with  proper  thermodectric 
parameters  The  practical  hmits  for  performance  of  TE  modules 
having  segmented  thermoelements  and  TE  legs  with  distributed 
inhomogeneity  are  discussed. 

Selection  of  TE  materials 

To  develop  efficient  inhomogeneous  TE  dements  it  is  necessary  to 
obtain  Ihermodectnc  materials  having  rather  high  TE  figure  of  ment 
m  a  wide  range  of  Seebeck  coeffiaent.  The  Czochralski  method  of 
pulling  from  a  melt  with  feeding  from  a  liquid  phase  was  used  to 
produce  such  materials.  The  following  two  advantages  of  tliis 
method  are  the  most  important  for  such  applications: 

1  The  possibility  of  obtaining  perfect  single  crystals  with  high 
figure  of  ment. 

2.  I  he  possibility  to  monitor  single  crystals  properties  in  the 
process  of  growing  and  to  control  them  according  to-  the 
specified  program. 

This  method  was  used  for  growing  homogeneous  and 
inhomogeneous  single  crystals  of  bismuth  and  antimony 
chalcogemdes  with  the  Seebeck  coeffiaent  from  170  to  290  pV/K. 
These  matenals  properties  are  given  in  Figure  1  as  the  dependences 
of  Seebeck  coeffiaent  a,  thermal  conductivity  k,  and  figure  of  ment 
Z  on  electrical  conductivity  a.  The  corresponding  variation  of  the 
parameters  was  achieved  by  the  change  of  the  basic  composition, 
doping  impunty  concentration,  as  well  as  by  the  relevant  choice  of 
technological  parameters  of  growing  process.  With  SbJj-doped 
n-type  matenals  of  the  composition  (Bi2Te3)g5(Bi2Se3)5  the 
maximum  of  TE  figure  of  ment  of  (3.1-3.2)  lO-^K"’  level  is 
achieved  m  the  range  o!'  ct  value  of  1000-1100  fi-'em''.  With 


BijTej-doped  p-type  matenals  of  the  composition  Sb,  ,^Bi„  2f-. 
maxinial  Z  value  is  of  the  same  order,  but  its  location  is  shilled  to 
the  reduced  a  values  (800-850  ff'em''). 

Fig.  1  Interconnection  of  TE  parameters  in  Czochralski  grown  single 
crystals  of  solid  solutions  ofBi  and  Sb  chalcogcnides  (the  solid  lines 
represent  polynomial  approximation  of  the  expenmental  data  by 
least-squares  technique) 


Elf-ctrical  cor.iuctivity  (Q“^cr.~') 
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One  should  note  the  sloping  chaiacter  of  the  Z(a) 
maximum  for  Czochralski  grown  single  crystals,  which  makes  it 
possible  to  change  their  parameters  in  a  wide  range,  without 
considerable  reduction  of  thermoelectric  figure  of  merit.  For 
instance,  as  it  follows  from  Figure  lb,  the  Z  value  not  less  than 
2.8  lO'-’K"’  can  be  retained  for  n-type  materials  in  the  a  range  from 
600  to  1740  fJ"'cm''.  The  corresponding  vanation  of  Seebeck 
coefficient  is  from  173  to  257  pV/K,  which  can  serve  the  basis  for 
the  development  of  an  efficient  inhomogeneous  TE  leg. 

Best  segmented  thermoelement 

A  zone-inhomogeneous  TE  element  consisting  of  separate 
homogeneous  segments  is  a  particular  variant  of  inhomogeneous 
thermoelement.  In  this  TE  element  the  Peltier  heat  is  absorbed  not 
only  at  the  cold  junction  but  at  the  joints  of  adjacent  segments,  which 
leads  to  additional  temperature  lowering  as  compared  with  TE 
elements  of  usual  configuration. 

Limit  performance  estimation.  The  question  anses,  what  the  hmit 
efficiency  of  a  segmented  TE  element  can  be  achieved  when  using 
Czochralski  grown  single  crystals  having  parameters  presented  in 
Figure  1.  Let  us  consider  TE  element  model  with  the  specified 
height  L  containing  N  segments  in  each  leg  (Figure  2).  At  the  hot 
junctions  the  temperature  Tjj  is  fixed,  the  rest  surface  of  legs  being 
adiabatically  insulated.  We  designate  the  sequence  of  junction 
temperatures  as  T;,  i=0,...,N,  heat  absorbed  by  a  segment  as  Q^j, 
i=l,...,N,  and  heat  rejected  from  a  segment  as  Q,;,  i=l,..,,N.  TE 
properties  of  separate  segments  can  be  varied  but  not  arbitrarily, 
their  interrelation  defined  by  Figure  1  must  be  taken  into  account. 
Let; us  put  the  following  problem:  what  must  the  properties  of 
segments  materials,  their  lengths  Lj,  i=l,...,N-l  and  feeding  current  I 
be  for  achieving  the  minimal  cold  junction  temperature  T^,. 

Fig.  2  Schematic  illustration  of  a  segmented  TE  couple 


The  complete  system  of  restrictions  in  this  optimal  problem 
should  include  a  set  of  heat  balance  equations  at  contacts 


Q,r-Qoi'!,  ’  (1) 

Qo  +  Q?  -  0  =  (2) 

equality 

'lo-TP.  (3) 


(x=a(a),  k-k(ct),  (4) 

reflecting  the  TE  parameters  interconnection,  were  the  relations  (4) 
must  be  defined  for  materials  of  both  type  conductivities. 

If  the  temperature  dependence  of  kinetic  coefficients  is 
neglected,  relations  for  heat  fluxes  in  Eq.  (1)  and  (2)  can  be  given  in 
the  form 


Qo, 


A 


T,-i),  (5) 


Q.i  - 


Ja_ 

Sa. 


(6) 


were  r^,  is  the  electrical  contact  resistance,  S  is  the  cross-section  of 
TE  leg. 

Together  with  Eq.  (4)-(6)  the  relations  (l)-(3)  give  the 
system  of  2N  hnear  equations  with  regard  to  2N  unknown 
temperatures  T;°’P,  i=0,...,N-l.  It  is  clear  that  for  each  set  of  I,  Lj°’P, 
parameters  this  system  uniquely  defines  intermediate 
temperatures  Tj  and  the  desired  functional  Tg.  It  is  necessary  to  find 
such  a  combination  of  these  parameters,  which  the  following 
condition 

On  )”■'’)  =  min  (7) 

corresponds  to,  the  restrictions  (l)-(6)  being  satisfied.  Thus,  the 
matter  is  about  a  problem  of  non-linear  programming  with 
complicated  system  of  restrictions. 

The  solution  of  this  problem  for  different  N  was  carried  out 
numerically.  For  the  sake  of  simplicity  the  equalities  of  L-'’=LjP=L, 
i=l,...,N  were  assumed.  As  dependences  (4)  the  polynomials, 
approximating  experimental  data,  are  used. 

Table  1  gives  calculation  results  for  two-segment  TE 
element  at  rj,=0.  The  set  of  TE  parameters  given  provides  the 
achievement  of  limit  performance  of  two-segment  TE  dement  when 
using  single  crystals  whose  properties  are  gven  in  Figure  1.  The 
largest  temperature  difference  of  83  K  is  provided  when  the  lower 
(high  temperature)  segment  length  is  1/3  of  the  total  leg  length.  For 
comparison,  the  Table  1  gives  the  data  for  a  TE  couple  with 
homogeneous  legs  having  maximal  thermodectric  figure  of  merit.  It 
is  seen  that  the  use  of  two-segment  legs  allows  the  increase  of  AT^ 
by  5  K.  Calculations  also  show  that  for  three  and  more  segments  the 
expected  additional  AT^^^  increase  will  not  exceed  2.5-3  K. 

Table  1.  Calculated  optimal  parameters  of  two-segment  and 
homogeneous  TE  elements,  based  on  Czochralski  grown  single 
crystals 


Model  of 
TE  couple 

Type 

of 

TE 

Jeg„ 

K,  •  10^ 

Z,  10^ 

(K) 

“2 

(pV/K) 

(Q'^cm"’) 

Kj • 10^ 

(W/cmK) 

(K-i) 

Optimal 

two-segment 

n 

202.0 

268.1 

1259.0 

487.8 

16.6 

13.7 

3.10 

2.55 

83.0 

p 

201.7 

245.3 

1032.0 

516.0 

14.2 

11.4 

2.95 

2.73 

Optimal 

homogeneous 

n 

227.7 

925.3 

15.3 

3.14 

78,3 

214.8 

854.5 

12.7 

3.10 

It  is  interesting  to  note  that  materials  for  the  upper  part  of 
segmented  leg  must  have  unexpectedly  high  a  value  (of  the  order  of 
200  pV/K),  which  approves  the  result  obtained  recently  in  paper  [3], 


as  well  as  relations  of  the  form 


where  the  similar  analysis  was  carried  out  using  the  method  of 
microscopic  description  of  kinetic  coefficients  interconnection  in 
semiconductor  materials.  Taking  into  account  some  reduction  of  a 
value  with  temperature  we  can  state  that  in  the  low  temperature  part 
of  a  segmented  thermocouple  the  usual  semiconductor  materials 
with  a  charge  carrier  concentration  near  its  optimal  level  must  be 
used.  So,  if  one  needs  the  maximal  effect  of  additional  temperature 
reduction  it  must  be  achieved  by  the  use  of  materials  with  relatively 
high  values  of  a  in  the  lower  part  of  the  thermocouple.  These 
requirements  being  not  satisfied,  it  is  one  of  the  reasons  why  the 
temperature  differences  exceeding  possibilities  of  the  best 
homogeneous  thermocouples  were  not  obtained  in  previous 
expenmenls. 

It  is  ot  great  interest  to  find  how  much  the  deviation  of 
segment  geometrical  parameters  from  their  optimal  values  affects  the 
Figure  3  shows  the  dependence  of  AT^  on  the  ratio 
of  L2/L.  The  calculations  were  made  with  fixed  segment  parameters, 
given  in  Table  1.  It  is  seen  that  the  advantage  of  a  segmented 
thermocouple  as  compered  with  homogeneous  one  is  retained  rather 
high  even  in  the  case  when  the  deviation  from  optimal  segment 
lengths  relationship  is  considerable.  This  justifies  the  model  accepted 
here,  according  to  which  n-type  and  p-type  legs  of  separate  section 
have  the  same  length. 


fig.  4  Dependence  of  maximal  temperature  difference  on  contact 
resistance 


Contact  resistance  (10  ^Qcm^) 


Fig.  3  Influence  of  deviation  from  optimal  L2  value 


Additional  electrical  resistance  in  the  zone  of  intermediate 
contacts  is  an  disadvantage  of  segmented  TE  couples.  As  the  result, 
with  the  increase  of  r^,  the  advantages  of  a  segmented  TE  couple  can 
be  lost.  This  is  clearly  shown  in  Figure  4,  from  which  it  follows  that 
the  use  of  segmented  legs  is  reasonable  at  r^,  of  the  10“®  Dcm^  order 
At  r^=10'^  Qcm^  and  higher  the  expected  result  does  not  justify  the 
complication  of  technology. 

Let  us  consider  now  the  question  of  maximum  performance 
of  two-segment  TE  couple  operating  as  a  cooler  at  To>Tpj^  At 
fixed  dimensions  and  specified  physical  parameters  of  segments  the 
problem  is  reduced  to  the  search  of  COP  maximum  as  a  function  of 
feeding  current 

Qc 


COP 

Qh-Qc 

■  is  the  cooling  capacity,  Qj^ 


(8) 


Qfw  +  Qin  "  f*’®  ’i®at 


where  Q^, 

transferred  to  heat  ank. 

The  correction  of  the  initial  model  for  the  problem  under 
consideration  concerns  only  equality  (2),  which  becomes  now  of  the 
form 

Qo"  +  Qo"  =  Qc-  (9) 

As  for  the  rest,  the  system  of  restrictions  (l)-(6)  keeps  unchanged. 


Results  of  calculations  are  given  in  Figure  5  in  the  form  of 
ratio  COP/COPjj  versus  temperature  difference  where  COPj^  is  a 
nerformance  of  optimal  homogeneous  TE  couple.  It  is  seen,  that  the 
use  of  segmented  thermocouples  is  reasonable  at  elevated  AT  values, 
espeaally  near  AT^^^^^,  when  their  advantage  as  compared  with 
homogeneous  ones  is  greatly  increasing.  At  moderate  temperature 
differences,  on  the  contrary,  the  gain  is  relatively  small,  and  at 
AT<50  K  segmented  TE  couples  lose  a  little  in  performance  as 
compared  with  homogeneous  ones. 

Fig.  5  Ratio  of  the  COP  for  two-segment  TE  couple  to  the  COP  for 
optimal  homogeneous  one  vs.  temperature  difference 


Fabrication  and  testing.  Development  of  semiconductor  single 
crystals  with  a  wide  range  of  TE  properties  made  it  possible  to 
fabricate  miniature  two-segment  cooling  modules  having  increased 
temperature  differences.  The  promising  technology  was  elaborated 
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which  consists  of  two  steps,  llic  first  one  being  the  iniiinilaciuriiig  a 
double  layered  semiconductor  plates  with  the  same  type  coiidiictivily 
whose  Seebeck  coefficients  are  different  ’Fiic  second  stcfi  is  in 
rectangular  cutting  the  plates,  which  gives  a  lot  of  segineiited  TF. 
legs  of  needed  cross-section.  So,  il  llie  irialctials  with  re(|uired 
properties  are  available,  the  technology  is  not  much  more 
complicated  than  the  one  for  rnanufactunng  standard  TF  coolers. 

Expcrinietital  research  and  technology  perfection  were 
earned  onl  on  ntitiiatnre  two-seginetit  TLFs  tdcntical  to  standtird 
coolers  of  MOM  senes  (f  igure  6).  Properties  of  single  crystals  used 
In  separate  segments,  are  given  in  Table  2.  Two-segrnent  legs  of 
0.6x0. 6  mm  in  cross-section  and  1.5  mni  iti  length  were  made  ot 
these  matenals.  The  height  of  the  lower  (high  temperature)  segment 
was  0.5  mm  m  IF  legs  of  both  type  conductivity.  In  spite  of  marked 
deviation  of  the  used  single  crystals  parameters  from  optimal  ones, 
the  teniperalure  differences  from  79  to  81  K  were  obtained  using 
such  TF  legs,  which  is  4-6  K  higher  than  those  for  standard  modules 
of  MOM  series  |41.  figure  7  gives  the  test  results  for  one  of  two- 
segment  coolers  consisting  of  16  I'F  legs,  'fhe  test  resdts  for 
homogeneous  thermocouiiles  composed  of  segment  1  and  segment 
2  single  crystals  are  also  given  here  for  companson.  It  is  seen  that 
the  temperature  differences  achieved  exceed  significantly 
values  for  initial  homogeneous  materials. 

Fig.  6  Modified  Tli  modules  of  MOM  scries 


fig.  7  Dependence  of  temperature  differences  on  electrical  current 
for  two-segment  TEmodule  and  for  separate  segments 


table  2.  Tcsicd  A1  values  loi  (be  iiiodiilcs  with  (wo-segmenl 
I'F  legs  and  TF  pioficrlics  iif  the  single  ciysliils  used  in  separate 
segments 


I'vpc  of 

Segniciil 

a 

<7 

K-  KF 

/,  K)-' 

■fFlcg 

M- 

(|iV/K) 

(D'hiir') 

(W/emKj 

(K'') 

(K) 

1 

186 

1504 

17.5 

2.97 

n 

2 

253 

640 

14.3 

2.88 

79-8 1 

F 

188 

1261 

17.2 

2.59 

i> 

2  ___ 

235 

629 

1  1.8 

2.95 

.  ..._ 

It  should  be  noted,  tlial  the  results  obtained  piactically 
coincide  with  calculated  value  for  specified  IF,  modules 

(80.3  K)  and  are  rather  dose  to  the  predicted  limit  tenipemtiirc 
difference.  T  his  confirms  the  validity  of  theoretical  approach  and  is 
an  evidence  of  the  efficiency  ol  developed  technology 

Prospects  of  practical  application.  It  is  natural  to  discuss  whether 
such  results  have  practical  inleiest.  In  our  ojiiiiioii  the  a[i[)iicatiori  of 
segmented  thermocouples  is  justified  when  cascading  is  not 
acceptable  (lor  examjile,  on  conditions  ot  miniaturization  or  speed 
of  response),  and  the  temperature  difference  is  close  to  maximal  or 
exceeds  the  possibility  of  a  single  stage  cooler.  Another  promising 
field  of  application  of  segmented  thermoconples  is  low  temperature 
cascade  coolers  in  which  separate  cascades  operate  near  the  limit 
temperature  difference.  It  ts  well  known  today  that  performance  of 
these  devices  can  be  rejicatcdly  increased  even  at  relatively  small 
growth  of  Z  parameter.  This  fact  slated  for  the  first  time  in  paper  [5J 
was  many  times  confirmed  later  both  theoretically  and  in  jiractice 
1 6],  It  should  be  noted  that  the  temperature  difference  of  83  K 
predicted  for  a  single  cascade  corresponds  to  increasing  in  Z 
parameter  by  12-15  %.  Therefore  tlie  authors  associate  with  this 
trend  of  research  the  hopes  to  liighly  increase  the  performance  of 
low  temperature  cascade  TECs  and  to  widen  the  temperature  limits  > 
of  TF,  cooling. 

fhe  best  inhomogeneous  thermoelement 

Theoretical  prediction.  At  N  ■>  «,>  a  segmented  thermoelement  is 
transformed  into  the  system  with  continuously  distributed 
inhomogeneity  which  is  charactenzed  by  a  maximal  permissible 
jierformance.  Variational  problem  concerning  the  best  distribution  of 
thermoelectric  parameters  along  such  a  Tlii  element  was  solved  iit 
[6]  for  bismuth-telluride-based  semiconductor  materials  using  the 
method  of  microscopic  descnjition  of  kinetic  coefficients.  Ihe 
predicted  limit  temperature  difference  was  about  90  K.  In  this  paper 
the  problem  was  being  solved  for  single  crystals  of  bismuth  and 
antimony  chalcogeriides  whose  IE  parameters  interconnection  is 
graphically  represented  in  Figure  1.  3  he  method  ol  optimal  control 
theory  was  used.  The  obtained  result  amounts  87  K,  which  is  rather 
close  to  the  one  predicted  on  the  basis  of  kinetic  theory, 

F'abncation  an_djest_  results.  To  check  theoretical  predictions  the 
authors  made  repeated  attempts  to  develop  inhomogeneous  TE 
single  crystals  with  properties  distribution  close  to  the  optimal  one. 
Czochralski  method  of  pulling  from  the  melt  with  feeding  from  the 
liquid  phase  was  used.  Single  and  multi-point  sections  of  continuous 
inhomogeneity  from  .0.1  to  several  mm  in  length  along  single 
crystals  axis  were  produced  through  the  growth  process  using 
variation  of  operating  parameters  and  change  of  the  feeding  melt 
composition.  The  variations  of  thermo-EMF  from  180  to  240  pV/K 
and  from  160  to  235  pV/K  were  achieved  in  angle  crystals  of  n-  and 


Current  (A) 
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p-type  respectively.  The  sections  of  inhomogendty  were  used  for 
the  production  of  inhomogeneous  TE  legs  and  TE  couples  on  their 
basis. 

Numerous  testings  of  such  TE  couples  proved  that  the 
distributed  Peltier  effect  leads  to  significant  temperature  reduction 
but  the  result  obtained  appeared  to  be  noticeably  lower  than  the  one 
theoretically  predicted.  Temperature  differences  of  the  order  of  80  K 
were  obtained  which  coincides  practically  with  the  result  for  two- 
segment  TE  couples.  The  fact  that  the  limit  temperature  difiference 
was  not  achieved  is  explained  mainly  by  difficulties  to  get  the 
sections  with  high  a  values.  Thus  the  further  researches  must  be 
carried  out  in  this  field. 

Conclusion 

Czochralski  method  of  pulhng  from  a  melt  with  feeding  from  a 
hquid  phase  makes  it  possible  to  obtain  single  crystals  of  Bi  and  Sb 
chalcogenides  retaining  rather  high  TE  figure  of  ment  in  a  wide 
range  of  Seebeck  coefficient  variation.  It  provides  the  basis  for 
manufacturing  TECs  with  segmented  and  inhomogeneous  legs 
having  improved  performance. 

Single  stage  thermodectric  modules  with  two-segment  TE 
legs,  having  AT^^j^  up  to  83  K  can  be  produced  from  these  single 
crystals,  using  rather  ample  technology.  Materials  with  Seebeck 
coefiScient  value  of  240-270  pV/K  must  be  used  in  the  high 
temperature  segment,  while  in  low  temperature  one  the  use  of 
standard  materials  with  a  value  of  200-210  pV/K  gives  the  best 
results. 

The  use  of  three  and  more  segments  is  unreasonable  as  the 
expected  increase  in  AT„^  does  not  exceed  2.5-3  K,  which  cannot 
justify  a  significant  complication  of  technology.  High  electrical 
contacts  quality  is  the  vital  factor  for  segmented  TECs  performance. 
Contact  resistance  not  more  than  lO'^  Qcm^  is  extremdy  dearable. 
At  r^=10'5  ncm^  and  higher  the  effect  of  additional  coohng  is 
almost  suppressed  by  Joule  heat  dissipation  at  intermediate  contact. 

The  absence  of  intermediate  contacts  in  a  thermodement 
with  continuoudy  distributed  inhomogendty  makes  this  one  very 
attractive  as  an  otqect  of  further  research. 

Modules  developed  have  the  advantage  of  improved 
performance.  The  possibihty  to  obtain  larger  tempe*’ature  lowering 
and  increased  COP  makes  them  desirable  for  the  application  in 
single  and  multi-stage  configurations. 
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ABSTRACT 

In  this  paper  we  describe  the  use  of  superlattice  structures 
in  BhTes,  Sb2Te3,  and  BiaSes  materials  to  improve  the  figure-of- 
merit  (ZT)  of  thermoelectric  refrigeration  in  the  temperature 
range  100-300K.  Considerable  decrease  in  lattice  thermal 
conductivity  is  predicted  with  the  use  of  periodic  superlattice 
structures  due  to  structure-shifts  that  can  cause  enhanced  phonon¬ 
scattering  at  the  superlattice  interfaces,  with  little  effect  on 
electrical  conductivity.  At  RTI,  we  have  recently  begun  work  on 
the  development  of  metallorganic  chemical  vapor  deposition 
(MOCVD)  of  Bi^Tej  and  related  materials  for  the  evaluation  of 
superlattice-structures.  The  initial  growth  of  612X63  films  has 
been  carried  out  on  single-crystal  sapphire  substrates.  X-ray 
photoemission  spectroscopy  (XPS)  data  of  these  thin  films  have 
been  compared  with  those  of  corrunerciaUy  available,  bulk  single¬ 
crystalline  BijToj  (with  a  few  %  of  Se)  substrates.  Preliminary 
analysis  indicates  that  the  stoichiometry  of  the  epitaxial  films, 
i.e.,  the  ratio  of  Bi  to  Te,  is  similar  to  that  of  the  bulk  substrate. 
Low-energy  electron  diffraction  (LEED)  data  indicates  that  the 
Bi^Tej  films  on  single-crystal  sapphire  substrates  are  epitaxial. 
X-ray  diffraction  data  indicates  that  the  612X63  film  is  single¬ 
crystalline.  Thus  these  initial  results  represent  the  first 
demonstration  of  single-crystal,  hetero-epitaxial  BljTej  films  on 
sapphire  substrates  by  MOCVD. 

INTRODUCTION 

Efficient  thermoelectric  (TE)  cooling  devices  based  on  high 
figure-of-merit  (ZT)  semiconductors  such  as  BijTes  and  its 
isomorphous  alloys  are  highly  desirable  for  several  applications. 
The  TE  cooling  devices  available  today  employ  1960's 
semiconductor  materials  (bulk-polycrystalline,  sintered  BijTej 
and  its  alloys  with  SbjTej  and  BLjSe,)  technology  and  are  not 
significantly  different  in  performance  than  three  decades  ago. 
The  TE  materials  parameter,  determining  the  performance,  is  the 
figure-of-merit  ZT  at  a  temperature  T.  The  ZT  of  such  materials 
have  remained  at  0.8  to  1.0.  The  goal  of  our  work  is  to  apply  the 
1990's  semiconductor  materials  technology,  specifically  the  use 
of  thin-film  deposition  techniques  like  MOCVD,  artificially- 
structured  materials  like  superlattices  and  quantum-weUs, 
towards  achieving  vastly-improved  ZT  values.  If  a  ZT  of  around 
5.0  can  be  achieved  at  300K,  implying  a  five-fold  improvement 
over  existing  materials'  figure-of-merit,  the  solid-state 
refrigeration  systems  would  become  competitive  with  present- 
day,  CFC-based,  dynamic  refrigeration  systems. 


THEORETICAL  BACKGROUND 

The  motivation  behind  the  use  of  superlattice  structures  as 
high  performance  thermoelectric  materials  stems  from  results  on 
the  reduction  of  lattice  thermal  conductivity  using  solid  solution 
alloying  in  the  Bi2Te3  -  $62X03  -  $62X03  system.  Thermal 
conductivity  of  solid  solution  alloys  of  various  semiconductors, 
for  example'  in  the  Bi2Te3-$b2Te3  system  [1],  have  been 
investigated.  The  lattice  thermal  conductivity  of  the  Bi2Te3- 
$62X63  system,  on  solid  solution  alloying,  indicates  a  minimum 
thermal  conductivity  of  around  0.004  W  cm‘^  deg"^  at  a  -  50% 
alloy  composition  [2].  The  significant  decrease  in  the  lattice 
thermal  conductivity  of  the  solid  solution  alloy  Bi2Te3-$b2Te3  is 
thought  to  be  due  to  the  lattice  perturbations  [1]  or  lattice 
distortions  [2].  These  perturbations  are  effective  in  phonon 
scattering,  thereby  impeding  the  flow  of  heat  and  thus  offering 
lower  lattice  thermal  conductivity.  The  wavelength  of  phonons 
contributing  to  thermal  conductivity  is  much  smaller  than  that  of 
free  carriers.  Thus,  the  distortion  of  the  lattice  resulting  from 
substitution  of  an  isoelectronic  impurity,  such  as  $e  for  Te  in 
Bi2Te3,  should  cause  greater  scattering  of  phonons  than  that  of 
charge  carriers  [2].  Hence,  the  lattice  component  of  thermal 
conductivity  can  be  reduced  without  seriously  affecting  the 
electrical  properties  of  the  alloy. 

Phonon  scattering  by  the  lattice  di.stortions  from 
introduction  of  isoelectronic  impurities  is  less  temperature 
dependent  than  normal  lattice  scattering  [3].  While  the  thermal 
conductivity  of  Bi2Te3  increases  with  decreasing  temperature 
below  310K,  the  thermal  conductivity  of  the  Bi2($eo.iTeo.9)3 
alloy  is  relatively  independent  of  temperature.  In  turn,  Z  for  the 
alloy  is  stable  down  to  ~200K.  $imilarly,  it  may  be  noted  that 
boundary  or  interface  scattering,  if  dominant  in  phonon-scattering 
processes  in  thermoelectric  materials/structures,  is  also  likely  to 
be  efficient  at  cryogenic  temperatures  in  lowering  thermal 
conductivity. 

The  idea  is  to  utilize  lattice  perturbations  at  the  superlattice 
interfaces  to  enhance  phonon  scattering  rates.  Efficient  phonon 
scattering  occurs  when  adjacent  atoms  in  a  lattice  vary 
appreciably  in  mass  and  size.  Thus  the  introduction  of  periodic 
structure  shifts  with  a  periodicity  of  ~  25-50  A  should  enable  the 
scattering  of  phonons  whose  mean  free  path  is  about  the  same 
length. 

The  concept  of  "confined"  phonons  or  lattice  vibrations, 
depending  on  the  AlAs-GaAs  superlattice  structure  with  a 
periodicity  of  ~  20  -  50  A,  has  also  been  experimentally  observed 
utilizing  Raman  spectroscopy  [4].  The  term  "confined"  phonons 
implies  non-propagating  phonons,  in  turn  lower  thermal 
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conduction  due  to  phonons.  There  has  been  one  reported 
experimental  .study  [5]  on  the  lattice  thermal  conductivity  in 
AlAs/GaAs  superlattice  structures.  The  epitaxial  growth  of 
AlAs/GaAs  superlattice  structure  is  well  established  and  it  is  a 
good  measure  of  the  potential  reduction  possible  in  thermal 
conductivity  through  interfacial  phonon  scattering.  In  this  work,  a 
monotonic  reduction  in  lattice  thermal  conductivity  has  been 
observed  with  the  reduction  in  superlattice  dimension.  Going 
from  a  superlattice  period  of  -200  A°  to  about  50  A°,  the  author 
[5]  has  observed  a  2.5-fold  reduction  in  thermal  conductivity. 
Unfortunately,  this  work  did  not  extend  the  superlattice-period 
down  to  about  -10  A®,  which  the  epitaxial  deposition  technique 
is  capable  of,  to  explore  for  further  reduction  in  lattice  thermal 
conductivity. 


The  concept  of  using  superlattices  to  decrease  lattice 
thermal  conductivity,  utilizing  the  periodic  interfaces  to  enhance 
phonon  scattering  and  also  the  periodic  atomic  mass  and  size 
fluctuations  in  the  superlattice  to  enhance  disorder  scattering,  has 
been  proposed  by  Venkatasubramanian  [6]  and  suggested  by 
Harman  [7],  In  addition,  Venkatasubramanian  presented 
preliminary  modeling  results  on  reduced  lattice  thermal 
conductivity  in  Bi2Te3-Sb2Te3  superlattice  structures  [6]. 

Hie  estimation  of  time  constant  for  phonon  scattering  at 
superlattice  interfaces  is  similar  to  the  calculation  of  relaxation 
time  due  to  phonon  scattering  by  grain  boundaries  in  SiGe  alloys 
[8].  The  relaxation  time  due  to  scattering  by  superlattice 
interfaces,  to  a  reasonably  good  approximation,  is  given  by  L/vs 
where  L  is  the  one-dimensional  superlattice  period  (-  20  -  50 
A),  a  length  similar  to  the  linear  crystal  or  grain-dimension  and 
Vs  is  velocity  of  sound  in  the  material.  We  assume  a  superlattice 
of  equal  thickness  for  Bi2Te3  and  Sb2Te3  layers,  as  indicated  in 
Fig.  1,  and  compare  this  with  an  alloy  of  50  percent  Bi2Te3  -  50 
percent  Sb2Te3. 


In  addition  to  phonon  scattering  at  the  superlattice 
interfaces,  we  need  to  consider  disorder  scattering  due  to  atomic 
mass  and  size  differences  in  the  Bi2Te3-Sb2Te3  system.  The 
disorder  scattering  can  be  represented  by  a  time  constant 


-1  r  K  ^  s4 
''dis  ^  ( — ) 


where  (D  is  the  phonon  frequency,  Qo  is  the  volume  per  atom.  T 
is  the  disorder  parameter  [8]  related  to  the  mass  differences 
between  various  atoms  that  comprise  the  superlattice.  The 
velocity  of  sound  is  assumed  comparable  in  both  the  Bi2Te3  and 
the  Sb2Te3  materials.  The  calculated  thermal  conductivity  as  a 
function  of  superlattice  dimension  in  the  Bi2Te3-Sb2Te3  system 
is  shown  in  Fig.  2.  There  is  a  reduction  of  lattice  thermal 
conductivity  by  a  factor  of  about  4.8  for  a  superlattice  dimension 
of  -  25  A  compared  to  the  bulk  value  in  the  solid  solution  alloy 
(Bio,5Sbo.s)2Te3  [1].  In  the  alloy  only  disorder  scattering  is 
present,  and  no  interface  scattering  occurs. 
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Fig.  1  Schematic  cross-section  of  a  Bi2Te3- 

Bi2Se3  or  Bi2Te3-Sb2Te3  superlattice  structure. 


The  reduction  in  lattice  thermal  conductivity  in  the  Bi2Te3- 
Sb2Te3  superlattice  system,  compared  to  a  bulk  alloy  of  50  percent 
Bi2Te3  and  50  percent  Sb2Te3,  will  directly  translate  into  an 
improved  Z.  This  will  be  the  case  if  the  electronic  component  of 
thermal  conductivity  stilt  remains  low  compared  to  the  lattice 
thermal  conductivity  in  the  superlattice  material  system.  The  key, 
therefore,  to  maximize  ZT  values  in  the  Bi2Te3  -  Sb2Te3 
superlattice  material  system  with  lower  lattice  thermal 
conductivity,  is  to  reduce  the  free  carrier  concentration  from  near¬ 
degenerate  conditions.  The  values  of  ZT  are  plotted  as  a  function 
of  superlattice  dimension  for  various  free  carrier  concentration  at  a 
temperatures  of  300K  in  Fig.  3.  Initial  modeling  results  indicate 
that  the  use  of  lower  free  carrier  concentration  (-  IQi*  cm'^ 
instead  of  -  1019  cm-3)  will  enable  the  use  of  superlattice 
structures  to  achieve  ZT  values  of  -  7.5  at  300K,  -  4.7  at  200K, 
and  -  1.9  at  lOOK. 


Fig.  2  Estimated  lattice  thermal  conductivity  of 
the  Bi2Te3-Sb2Te3  as  a  function  of  the  superlattice 
period. 
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Fig.  3  ZT  values  obtainable  at  300K,  as  a 

function  of  superlattice  dimension  for  free  earner 
concentrations  of  lO^^,  and  10*9  cm-3  in  each  of 
the  Bi2Te3  and  Sb2Te3  layers. 

Important  for  superlattice  structures  involving  layers  of 
alternate  materials  such  as  Bi2Te3-Sb2Te3  and  Bi2Te3-Bi2Se3,  is 
the  carrier  transport  across  the  energy  barriers  that  may  exist  at 
these  heterojunction  interfaces.  Assuming  one-dimensional 
periodicity,  the  location  of  quantized  states  with  respect  to  the 
conduction  and  valence  band  minima,  in  short-period  superlattice 
structures  for  which  quantum-effects  have  to  be  considered,  can 
be  computed. 

The  energy  displacements  from  the  band  minima  have  to  be 
considered  along  with  the  doping  levels  and  the  heterojunction 
band  offsets  [9]  that  exist  at  the  interface  of  two-layered 
materials  to  estimate  the  net  potential  barrier  to  carrier  transport 
across  the  superlattice  interface.  We  assume  that  the  doping 
(free-carrier)  levels  will  be  essentially  constant  through  the 
superlattice  (along  the  direction  of  carrier  transport).  There  is  no 
previous  study  on  the  heterojunetion  band  offset  characteristics  in 
the  Bi2Te3-Sb2Te3  system  or  the  Bi2Te3-Bi2Se3  system.  As  a 
first  order  approximation,  we  can  assume  that  the  bandgap 
difference  in  the  two  materials  will  split  equally  between  the 
eonduction  and  valence  bands.  These  band  offsets,  along  with 
the  distribution  of  thermal  energy  of  free  carriers  (kT/q  to  3  kT/q) 
at  300K,  are  shown  in  Fig.  4.  It  is  clear  that  the  average  thermal 
energy  values  of  free  carriers  are  comparable  to  the  band  offset 
values.  This  is  true  for  both  n-  and  p-type  doping  conditions. 
The  estimated  weak  quantum-confinement  of  carriers  will  only 
lead  to  a  small  Increase  in  Seebeck  coefficients,  as  per  the 
calculations  of  Hicks  and  Dresselhaus  [10],  and,  therefore,  has 
not  been  considered  in  the  predicted  increase  in  ZT  values  in  Fig. 
3. 

The  choice  of  the  superlattice  material  system  for  the  n- 
type  and  the  p-type  sections  of  the  thermoelement  will  depend  on 
which  superlattice  material  system  (Bi2Te3  -  SbzTes  or  Bi2Te3  - 
Bi2Se3)  offers  the  lowest  thermal  conductivity,  the  optimum 
electron  (hole)  transport  properties,  and,  importantly,  the  highest 


Seebeck  coefficients  at  the  optimum  doping  levels  and  operating 
temperature  for  the  overall  maximization  of  ZT  values. 


SIjSea  BijTs,  BIjSej  BIjTo,  BIjSbj 


Fig.  4  Band  diagram  of  the  Bi2Te3-Sb2Te3  and  BijTej- 
Bi2Se3  Hetero-interfaces 

THIN-FILM  SUPERLATTICE  TE  DEVICE 
STRUCTURE 

Epitaxial  techniqdes  like  MOCVD,  while  being  capable  of 
synthesizing  superlattice  structures,  are  suited  for  producing  thin 
layers  and  structures,  typically  -5  to  10  pm  thick.  This  is  the 
result  of  smaller  growth  rates.  However,  practical  thermoelectric 
elements  require  250-  to  1000-pm-thick  layers  in  the  direction  of 
heat  flow,  i.e.,  along  the  thermal  gradient.  Therefore,  a  key  to 
utilizing  the  thin-fihn  superlattice  structures  as  high-performance 
thermoelectric  elements  is  to  devise  an  approach  to  process  the 
thin-films  (-5  to  10  pm)  into  a  thermoelement  with  effective 
lengths  of  -250  to  1000  pm.  To  achieve  this,  we  have  proposed  a 
planar  thin-film  device-processing  technology  called 
monolithically  interconnected,  superlattice  sttuctured 
thermoelement  (MISST)  for  each  of  the  n-type  and  p-type 
segments  of  a  typical  thermoelectric  couple.  The  schematic  of  a 
TE  refrigeration  device  employing  thin-film  superlattice 
structures,  using  such  a  MISST  concept,  is  compared  with  a 
conventional  TE  refrigeration  device  in  Fig. 5.  Standard 
microelectronic  processing  is  al  that  is  required  to  fabricate  these 
thermoelements. 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 


CONCLUSIONS 


We  have  installed  a  state-of-the-art  MOCVD  system, 
capable  of  growing  the  above  mentioned  thermoelectric  materials 
under  a  variety  of  growth  conditions,  such  as  growth  pressures 
ranging  from  760  to  50  Torr,  cooled  or  non-cooled  reactor  vessel, 
etc.  The  initial  growth  of  612X0^  films  has  been  carried  out  on 
single-crystal  sapphire  substrates.  We  have  obtained  specular 
morphology  of  812X03  layers  on  sapphire  substrates,  although 
with  noticeable  crystallographic  defects  as  observed  under  a 
scanning  electron  microscope  (SEM).  Fig.  6  indicates  an  SEM 
surface  topography  of  a  812X03  film  on  single-crystal  sapphire 
substrate. 

X-ray  photoemission  spectroscopy  (XPS)  data  of  these  thin 
films  have  been  compared  with  those  of  commercially  available, 
bulk  single-crystalline  Bi2Xe3  (containing  a  few  %  of  Se) 
substrates.  Preliminary  analysis  indicates  that  the  stoichiometry 
of  the  epitaxial  films,  i.e.,  the  ratio  of  Bi  to  Xe,  is  about 
comparable  with  that  of  the  bulk  substrate.  Xhe  x-ray 
photoemission  lines  used  include  the  line  of  Bi  with  an 
atomic  sensitivity  factor  (A.S.F)  of  2.8  and  the  Sdj^  line  of  Xe 
with  an  atomic  sensitivity  factor  of  4.0.  A  more  detailed 
understanding  of  the  XPS  spectra  of  films,  in  comparison 

to  bulk  substrates,  is  in  progress.  Low-energy  electron 
diffraction  (LEED),  with  electron  energies  in  the  range  of  100- 
250  eV,  is  very  useful  for  the  analysis  of  thin  hetero-epitaxial 
films.  Xhe  LEED  data  of  the  812X03  film  on  sapphire  is  shown  in 
Fig.  7.  Xhe  regularly-spaced  circular  spots  can  be  correlated  with 
the  lattice  spacing  in  the  sample.  It  may  be  worth  noting  that,  in 
amorphous  and  polycrystalline  samples,  the  regular  LEED  spots 
would  be  absent  and  instead  streaks  and/or  uniform  intensity 
across  the  film  would  be  observed.  LEED  studies  were  carried 
out  on  613X03  films  grown  on  sapphire  substrates,  by  transferring 
the  sample  (after  growth)  from  the  MOCVD  system  to  a  high- 
vacuum  chamber.  Xhus  the  samples  were  exposed  to  the  ambient 
and  therefore  some  surface  oxidation  of  the  sample  is  likely.  In 
spite  of  this  possibility,  the  quality  of  the  LEED  data  on  the 
BijTes  film  on  single-crystal  sapphire  substrate  is  good. 

Xhe  813X03  films  on  single-crystal  sapphire  substrates  were 
also  evaluated  by  single-crystal  x-ray  diffraction  technique,  using 
the  Cu-Ka  lines,  Xhe  x-ray  diffracted  intensity  versus  20  is 
shown  in  Fig.  8.  Xhe  20  reflection  associated  with  (00015) 
planes  of  the  sapphire  substrate  is  observable  at  42.1°.  Xhe 
and  K^2  lines  of  the  substrate  are  clearly  resolved.  Xhe  20 
reflection  from  the  Bi2Xe3  film  occurs  at  45°.  In  addition  to  this 
reflection  from  the  film,  no  other  reflections  were  observable  in 
the  scanned  range  of  30-50°,  suggesting  that  the  film  is  single¬ 
crystalline.  Xhe  20  reflection  corresponds  to  a  lattice  constant  of 
4.467  A°,  perpendicular  to  the  growth  direction.  Xhis  is  within 
2%  of  the  "a"  lattice  constant  reported  for  bulk  single-crystal 
812X63  materials.  It  is  also  worth  pointing  out  that  we  do  expect 
to  grow  the  materials,  from  energy  considerations,  along  the  "a" 
direction  of  813X03.  Xhe  closeness  of  the  estimated  lattice 
constant  supports  the  XPS  data  on  stoichiometry  of  813X03  films. 


In  summary,  we  have  proposed  the  use  of  superlattice 
structures  to  improve  the  figure-of-merit  (ZX)  of  thermoelectric 
refrigeration.  Considerable  decrease  in  lattice  thermal 
conductivity  is  predicted  with  the  superlattice  structures  due  to 
structure-shifts  that  can  lower  thermal  conductivity  through 
phonon  scattering.  Modeling  calculations  on  the  dimensions  of 
superlattice  structures  and  their  doping  levels  on  ZX  values  are 
presented.  For  a  practical  utilization  of  these  superlattice 
structures  in  thermoelectric  elements,  we  have  proposed  a  planar 
technology  called  monolithically-interconnected,  superlattice- 
structured  thermoelement  (MISSX)  for  each  of  the  n-type  and  p- 
type  segments  of  a  typical  thermoelectric  couple.  We  have  also 
presented  the  first  demonstration  of  single-crystal  BijXej  hetero- 
epitaxial  films  on  sapphire  substrates.  Work  is  in  progress 
towards  the  characterization  of  electrical  and  thermal  properties  of 
these  thin  films  and  the  growth  of  other  isomorphs  (Sb2Xe3  and 
812803)  towards  the  fabrication  of  superlattice  structures. 
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Fig.5  Schematic  of  a  thin-film  TE  refrigerator  utilizing  the  MISST  concept. 
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